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ABSTRACT

AN ANALYSIS OF TASTE NEURON MORPHOLOGICAL VARIABILITY:
INFLUENCES OF NEURON TYPE AND PLASTICITY
Lisa Ohman
October 20th, 2021
Taste neurons are functionally and molecularly diverse, but their
morphological diversity was, until recently, completely unexplored. Taste neurons
were considered relay cells, communicating information from taste-transducing
cells to the brain without variation in morphology. Instead, individual taste
neurons are tremendously morphologically variable. To determine how
differences in branching relate to the number and types of taste-transducing cells
providing neuronal input, I combined sparse cell genetic labeling with a wholemount immunohistochemistry and analysis workflow. I found that the maximum
number of taste-transducing cells capable of providing convergent input onto
individual gustatory neurons varied with a range of 1-22 taste-transducing cells.
Consistently, simple taste neurons contact a few taste-transducing cells of the
same type (either sour or sweet/bitter/umami), whereas branched neurons
contact many taste-transducing cells of both types. These results suggest
differential convergence within the peripheral taste system in the type(s) of tastetransducing cells providing input and the number of taste-transducing cells of the
same type.
Taste arbors (the portion of the neuron within the taste bud) also vary in
morphology and the number and types of taste-transducing cells contacted. I
iv

reconstructed 151 taste arbors from the full taste neuron population to analyze
differences in size, complexity, symmetry and number and type to tastetransducing cells contacted. I determined that these features are not determined
by the size or cellular composition of the taste bud. Taste arbors exist on a
continuum of complexity, not in discrete categories of stereotyped endings.
Large, asymmetrical arbors contacted more taste-transducing cells of both types,
whereas smaller, symmetrical arbors contacted 1-2 taste-transducing cells.
Differences in arbor complexity are consistent with regulation by plasticity rather
than neuron type..
To test this idea, I examined the arbors and ganglion neurons of the first
molecularly and functionally described taste neuron type defined by the
expression preproenkephalin (Penk). The arbors of Penk neurons do not
represent a discrete subset of the arbor morphologies present in the full
population. However, more symmetrical arbors from Penk+ neurons contact two
taste-transducing cells of different types than the full population. All Penk+
ganglion neurons contact cells of both types while consistently contacting more
Car4+ cells than PLCβ2+ cells. Together, these results indicate that plasticity
dictates arbor morphology, whereas neuron type influences the number and type
of taste-transducing cells providing input.
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CHAPTER I
GENERAL INTRODUCTION

1.1 General organization of the peripheral taste system
The taste system detects nutritional value, chemical composition, palatability,
and potential toxicity of foods and beverages. Taste buds are the peripheral end
organs of the taste system and are composed of epithelial-derived sensory cells
which mediate transduction of chemical substances in the oral cavity. Unlike
neurons in the somatosensory system, taste neurons do not participate in taste
transduction. Instead, they connect to taste-transducing cells in the taste bud to
receive taste information and pass it to the nucleus of the solitary tract (rNTS) in
the brainstem. Taste buds are housed in papillae that are distributed in
characteristic patterns across distinct taste fields in the oral cavity (Barlow,
2015b; Krimm, 2007). One such field is the anterior two thirds of the tongue,
containing one fungiform taste bud per papilla. Taste buds are also found in
clusters along the lateral edges of the posterior tongue; they are located within
foliate papillae (lateral folds). At the midline of the posterior tongue, there are
taste buds lining the epithelial trenches of the circumvallate papillae. There are
also taste buds on the soft palate.
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All taste buds are innervated by pseudounipolar sensory neurons. So, there is
a single nerve process that has a receptive end in the taste bud(s) and a terminal
end in the brainstem. Because this process has features of both axons and
dendrites it has traditionally been referred to as a fiber or a process. However,
more recently they have been referred to more often as axons (Meltzer,
Santiago, Sharma, & Ginty, 2021), because they have more axonal features than
dendritic ones. Therefore, I will refer to the peripheral process as an axon even
though it receives information from the taste-transducing cells. The cell bodies of
these neurons reside in multiple ganglia, which differ based on the taste field that
is innervated. Taste buds in the fungiform papillae and palate are innervated by
neurons in the geniculate ganglion via the chorda tympani and greater superficial
petrosal nerves, respectively. The geniculate ganglion also contains
somatosensory neurons that innervate a portion of the ear pinna. Taste buds in
the circumvallate and foliate papillae are innervated by neurons from the petrosal
ganglion via the glossopharyngeal nerve (Krimm, 2007). These taste neurons
connect to and receive information from taste-transducing cells in the taste bud
and then pass this information to the brainstem.

1.2 Taste-transducing cell types and turnover
Taste buds are collections of 50-100 cells, including specialized epithelial
cells that transduce subsets of chemical-taste stimuli present in the oral cavity.
These cells are exposed to the oral cavity through the apical taste pore. The
taste bud contains many cell-cell junctions, and the transducing cells are only
2

able to sample the milieu of the oral cavity through their microvilli, which they
extend through the apical taste pore (Figure 1.1).

Figure 1.1. (A) Schematic figure of a fungiform taste bud residing within the
papilla on the tongue. Microvilli extending through the apical taste pore (A, insert)
that contain receptors for taste stimuli. (B) Taste neurons come up through the
papilla core to innervate the taste bud. Transducing cells communicate taste
information to these ganglion neurons that pass this information to the brainstem.

These microvilli contain either G-protein coupled receptors or channels for
specific chemicals —making this the site of taste transduction. Taste-transducing
3

cells are generally thought to exist as types (T. R. Clapp, K. F. Medler, S.
Damak, R. F. Margolskee, & S. C. Kinnamon, 2006; Tod R. Clapp, Ruibiao Yang,
Cristi L. Stoick, Sue C. Kinnamon, & John C. Kinnamon, 2004; Rona J. Delay,
Roper, & Kinnamon, 1986; Finger, 2005b; S. Kataoka et al., 2008; R. Murray,
1969; R. G. Murray & Murray, 1967; Ruibiao Yang, Crowley, Rock, & Kinnamon,
2000; C. L. Yee, Yang, Bottger, Finger, & Kinnamon, 2001) originally based on
electron microscopy criteria (Type I-Type III) that were later correlated with
molecular markers. Type II cells express phospholipase C-beta 2 (PLCβ2)(Tod
R. Clapp et al., 2004) and transient receptor potential cation channel, subfamily
M member 5 (TRPM5) (T. R. Clapp et al., 2006). Type II cells transduce sweet,
bitter, and umami stimuli (T. R. Clapp et al., 2006; Y. Zhang et al., 2003). Type II
cells communicate with nerve fibers via calcium homeostasis modulator protein 1
(CALHM1) ion channels (A. Taruno et al., 2013). Type III cells express carbonic
anhydrase 4 (Car4)(Chandrashekar et al., 2009a) and synaptosomal-associated
protein 25 (SNAP25) (Ruibiao Yang et al., 2000) and denote cells that primarily
respond to sour taste (Chandrashekar et al., 2009a). Unlike Type II cells, Type III
cells communicate via classical synapses (J. C. Kinnamon, B. J. Taylor, R. J.
Delay, & S. D. Roper, 1985; Ruibiao Yang et al., 2000).
The cells that transduce saltiness have not been as clearly delineated
(Baumer-Harrison et al., 2020; Y. Oka, M. Butnaru, L. Von Buchholtz, N. J. P.
Ryba, & C. S. Zuker, 2013; Stratford, Larson, Yang, Salcedo, & Finger, 2017b),
but could potentially include Type I, Type II and Type III cells (Lewandowski,
Sukumaran, Margolskee, & Bachmanov, 2016; Nomura, Nakanishi, Ishidate,
4

Iwata, & Taruno, 2020; Ohmoto, Jyotaki, Foskett, & Matsumoto, 2020; Y. Oka, M.
Butnaru, L. von Buchholtz, N. J. Ryba, & C. S. Zuker, 2013; Roebber, Roper, &
Chaudhari, 2019). Functionally, salt taste can be divided into two pathways
(Chandrashekar et al., 2010; Y. Oka et al., 2013; S. D. Roper, 2015). The sodium
specific salt pathway mediates electrolyte balance and drives sodium salt
consumption when the animal is salt deprived. This pathway is mediated by the
EnAC channel (amiloride sensitive) through a subset of Type I, GAD65+
transducing cells (Baumer-Harrison et al., 2020) that may also express PLCβ2
(Nomura et al., 2020). Non-sodium specific salt detection is mediated by a subset
of Car4+ and PLCβ2+ transducing cells (Y. Oka et al., 2013). The taste bud also
contains basal precursor cells and a significant number of supporting cells that
make up the bulk of the taste bud (R. Yang et al., 2020).
The taste bud environment is complex and dynamic given that tastetransducing cells continuously turn over throughout adulthood and are replaced
by basal progenitors (Lloyd M. Beidler & Ronald L. Smallman, 1965; Rona J.
Delay et al., 1986; Hamamichi, Asano-Miyoshi, & Emori, 2006). The average
lifespan of a transducing cell is 10-12 days, but there is significant variability
depending on the transducing cell type. For example, Type II (PLCβ2+) and Type
III (Car4+) have half-lives of 8 and 24 days, respectively (Perea-Martinez, Nagai,
& Chaudhari, 2013).

1.3 Taste ganglion neurons have been categorized based on their
physiological response properties
5

Taste ganglion neurons have primarily been studied in terms of their
physiology and are frequently categorized by the stimulus eliciting the
predominant response (sweet, sour, etc.) (Breza, Curtis, & Contreras, 2006;
Breza, Nikonov, & Contreras, 2010; M. E. Frank, Bieber, & Smith, 1988; Lundy &
Contreras, 1999). However, physiology studies describe some neurons as
narrowly-tuned (responding to one taste quality) and some as broadly-tuned
(responding to multiple taste qualities) (A. Wu, Dvoryanchikov, Pereira,
Chaudhari, & Roper, 2015; Yokota & Bradley, 2017). These findings have incited
a considerable debate over how taste is coded in the periphery (Contreras &
Lundy, 2000; Erickson, Covey, & Doetsch, 1980; M. E. Frank, Lundy, &
Contreras, 2008; Spector & Travers, 2005; A. Wu et al., 2015; D. A. Yarmolinsky,
C. S. Zuker, & N. J. P. Ryba, 2009) yielding two overarching perspectives.
Studies emphasizing the narrowly-tuned neurons suggest a labeled-line
hypothesis for coding, which suggests that each neuron codes an individual taste
stimulus (Barretto et al., 2015; David A. Yarmolinsky et al., 2009). Others
emphasize the more broadly-tuned neurons and hypothesize that taste is coded
for by patterns of activity (A. Wu et al., 2015; Yokota & Bradley, 2017). At the
heart of this discussion is the question of whether taste neurons relay information
from taste-receptor cells without any intervening circuitry or whether the
information relayed by receptor cells is altered as it is conveyed to nerve fibers.
For 50 years the field has not made much progress on this question. One
critical barrier is the limited amount of information we have about these neurons;
for example, functional characterization has been limited to mid-range
6

concentrations of taste stimuli which disregards the possibility of intensity coding
within a given stimulus. Additionally, the anatomy of individual taste neurons had
not been examined because there have been no anatomical tools available to
adequately examine the morphology and connectivity of taste neurons. Thus, we
still do not know if the physiological properties (i.e. broadly-tuned vs. narrowlytuned receptive fields) of taste neurons are a manifestation of the peripheral
connectivity of chorda tympani nerve fibers, or solely the product of response
characteristics of taste-receptor cells and their interactions.

1.4 Obstacles to analyzing taste neuron anatomy
Taste-bud studies have been hindered by several technical challenges. First,
the number of taste neurons innervating the tongue is miniscule relative to the total
somatosensory innervation of lingual epithelium. Thus, if neurons from both
populations are labeled, individual taste axons will be lost in an abundance of
somatosensory axons. As these two populations of neurons express many of the
same factors, most genetic labels used in other systems are impractical for
reconstructing taste neurons (H. Wu, Williams, & Nathans, 2012). Thus, the field
has used immunohistochemical stains which yield patchy staining and do not label
the entire nerve fibers in the taste bud (Tao Huang, Liqun Ma, & Robin F. Krimm,
2015). These labels do not permit accurate quantification of total innervation
changes resulting from manipulations to the system. Additionally, given the high
density of taste innervation to the taste bud, they do not allow examination of the
morphology of individual taste arbors entering the taste bud. Therefore, to pursue
7

a study on taste neuron morphology, I first had to identify a marker that was unique
to taste neurons in the oral cavity.
The geniculate ganglion includes both neurons that innervate taste buds and
neurons that innervate skin. Taste neurons like those innervating digestive,
respiratory, and cardiovascular end organs can be described as “visceral”
sensory neurons. Geniculate ganglion neurons innervating external structures
such as the pinna and external ear canal can be classified as somatosensory
neurons. Thus, a transcription factor that regulates visceral sensory neuron
development would be a promising candidate for identifying gustatory neurons in
the geniculate ganglion. Phox2b is a homeodomain transcription factor that is
essential for development of the placodally-derived geniculate and petrosal
ganglia (Dauger et al., 2003). My initial goal was to characterize a genetic label
for taste neurons projecting through the chorda tympani and greater superficial
petrosal nerves that could be used to further investigate taste bud innervation. To
accomplish this goal, I used a Phox2b-Cre-tdTomato mouse line in which all
neurons expressing Phox2b (at any time during development) would be
genetically labeled. I found that Phox2b was specifically expressed in 42% of
geniculate ganglion neurons, which corresponds to all neurons that project
through the chorda tympani and the greater superficial petrosal nerves. All
tdTomato-positive fibers within taste buds in the fungiform papillae originated
from the chorda tympani (Appendix 1)(L. Ohman-Gault, T. Huang, & R. Krimm,
2017). As most non-chorda tympani tongue afferents lack Phox2b, this
transcription factor could be a useful genetic label for studying tongue innervation
8

and/or conditional gene removal during development. Furthermore, Phox2b can
be used to limit labeling to a taste neuron type using intersectional genetics (M.
R. Hirsch, d'Autreaux, Dymecki, Brunet, & Goridis, 2013).
The second challenge limiting progress in analyzing taste bud innervation, is
that the heterogenous and dense tissues that make up the tongue significantly
reduce antibody permeability for immunohistochemistry. These obstacles have
necessitated sectioning protocols that result in the splitting of taste buds across
sections so that measurements are either approximated based on representative
sections or summed across sections. Previously, representative thin sections
have been used to approximate both volume values and transducing-cell counts
(Kinnamon & Finger, 2019). Thicker serial sectioning allows for the imaging of all
taste-bud sections and the summing of measurements from each section
(Lingbin Meng, Tao Huang, Chengsan Sun, David L. Hill, & Robin Krimm, 2017).
However, cutting such thick sections and selecting only whole taste buds biases
sampling towards smaller taste buds (Meng, Ohman-Gault, Ma, & Krimm, 2015;
Tang, Rios-Pilier, & Krimm, 2017; G. H. Zhang, Zhang, Deng, & Qin, 2008).
Nerve innervation estimates from sectioned taste buds have been based on
analyses of pixel numbers (Tao Huang et al., 2015; Stratford et al., 2017b), if
quantified at all (Kumari, Yokota, Li, Bradley, & Mistretta, 2018; D. J. Liebl, J.-P.
Mbiene, & L. F. Parada, 1999; Irina V. Nosrat, Robert F. Margolskee, &
Christopher A. Nosrat, 2012). These measurements completely ignore the
structure and number of individual nerve arbors, because arbors are split (and
usually poorly labeled). Lastly, although peeling away the epithelium does permit
9

entire taste buds to be stained, it also removes taste-bud nerve fibers and could
disrupt the normal relationships between cells. Therefore, investigations of the
structural relationships within taste buds have been limited because of disruption
caused by staining approaches.
To address this challenge, I developed a whole mount staining approach for
collecting and staining whole taste buds as well as the surrounding papilla from
three taste-bud regions: fungiform, circumvallate, and the palate (Appendix 2)
(Ohman & Krimm, 2021). Whole-structure collection eliminates the need for
representative sections and allows for the determination of absolute-value
measurements of volumes, cell counts, and complete morphological structure.
Furthermore, the ability to collect intact taste buds permits the analysis of the
physical relationships between different transducing cells and their associated
nerve fibers; this method allows us to establish a baseline morphology for
individual taste arbors and characterize their relationships with taste-transducing
cells (Chapter III). Additionally, using this whole-mount staining approach for
taste buds represents a robust experimental design where both taste-transducing
cells and their nerve fibers can be labeled to determine whether a deficit is due to
loss of a specific cell type, compromised terminal arbor morphologies, disrupted
relationships between taste-transducing cells, or disrupted relationships between
transducing cells and their nerve fibers. Establishing a normal foundation for the
relationships within, and the composition of, taste buds and papillae will serve as
a baseline for determining the mechanisms underlying deficits in peripheral taste
functions. This method, which preserves whole taste buds and intact nerve
10

fibers, can benefit investigations into: the potential circuitry within the taste bud,
disease processes, and chemotherapies that disrupt normal taste function.

1.5 Taste ganglion neurons vary a surprising degree in morphology
Functional differences between gustatory neurons are thought to be
determined entirely by the type of taste-transducing cell they innervate (D. A.
Yarmolinsky, C. S. Zuker, & N. J. Ryba, 2009). Consistent with this hypothesis,
retrograde tracing studies conclude that most taste neurons innervate only a
single taste bud (Zaidi & Whitehead, 2006). Therefore, taste neurons are
considered relay cells, communicating information from taste-transducing cells to
the brain, without variation in morphology between functional types. To
adequately address whether there is a difference in morphology between these
neurons, it is necessary to fully reconstruct the peripheral axons of taste neurons.
Dr. Tao Huang in our lab undertook this challenge and traced 96 individual
peripheral taste axons. The branching characteristics across taste neurons show
surprising diversity in their complexities. Additionally, they were found to
innervate more taste buds on average than previously estimated. The findings
demonstrated that individual neurons possessed 1 to 17 separate arbors, and
using these, innervate between 1 to 7 taste buds; 18 of these neurons also
innervated non-taste epithelia (Figure 1.2A). Using K-means clustering, Dr.
Huang divided these neurons into 4 categories with the most definitive feature
being the total length of the terminal arbors. Interestingly, this is the length of the
neuron within taste buds available to receive input from taste-transducing cells
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(Figure 2) (T. Huang, Ohman, Clements, Whiddon, & Krimm, 2021). This finding
implies that the amount of input, not just the type of input varies across neurons.
While it is clear that neurons varied in morphology what was unclear was the
relationship between these differing morphologies and number of or type of tastetransducing cell that could be providing input to a given neuron. Is a peripheral
neuron with 7 arbors and 40 branch ends likely to receive input from 1 tastetransducing cell, 40 taste-transducing cells, or 100 such cells? Do taste neurons
differ in their innervation patterns to different taste receptor cells and are these
patterns determine by neuron type. Do different neurons have different structural
“types” of arbors and does this relate to the type of receptor cell innervated? To
understand the implications of morphology on for peripheral taste circuitry, I
needed to develop a method to relate these differences in branching to the
number and type(s) of transducing cells that may be providing convergent input
to these neurons.
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Figure 1.2. Taste ganglion
neurons vary in morphology.
After entering the tongue, some
neurons branch differently in the
muscle and lamina propria to
yield different numbers of
arbors that innervate up to
seven taste buds (A). Arbors
(the portion of the neuron within
the taste bud) may branch
further to yield different
numbers of terminal branch
ends. Ganglion neurons were
divided into categories based
on increasing complexity (B).

In this dissertation, I identify the genetic tools for using sparse labeling to
label individual taste neurons and develop a staining approach to collect whole
taste buds, with intact nerve arbors. I use these tools to first examine the
innervation patterns for individual taste ganglion neurons (Chapter II). Next, I
explore and quantify the variability in taste arbor (the portion of the neuron in the
13

taste bud) morphology, and taste-transducing cell innervated across tongue
regions (Chapter III). I. In Chapter IV, I evaluate the peripheral branching and
contacts of the first genetically identified taste neuron type (Penk+) to determine
if a taste neuron type can be identified based on the morphology and innervation
patterns of taste-transducing cells and which features of the peripheral
morphology are likely a product of plasticity.
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CHAPTER II
VARIABLE BRANCHING CHARACTERISTICS OF PERIPHERAL TASTE
NEURONS INDICATES DIFFERENTIAL CONVERGENCE

2.1.

Introduction

The chemical information from food is detected by cells in the taste bud (tastetransducing cells) and carried to the brain by sensory neurons. This chemical
information includes taste qualities described as sweet, salty, sour, bitter, and
umami (Carleton, Accolla, & Simon, 2010; Contreras & Lundy, 2000; Ohla et al.,
2019; Spector & Travers, 2005; D. A. Yarmolinsky et al., 2009) as well as those
that are not easily classified (Bachmanov, Tordoff, & Beauchamp, 1996; Lim &
Pullicin, 2019; Liu, Archer, Duesing, Hannan, & Keast, 2016; Tordoff, 2001, 2017).
Moreover, taste stimuli vary in intensity, and differences in stimulus intensity
impacts quality coding (Ganchrow & Erickson, 1970; A. Wu et al., 2015). Adding
to their functional diversity, taste neurons respond to and are modulated by
somatosensory stimuli (Breza et al., 2006; Lundy & Contreras, 1997; Yokota &
Bradley, 2016, 2017). While numerous studies have focused on the functional
diversity of this population of neurons, only recently has there been confirmation
of their molecular diversity (G. Dvoryanchikov et al., 2017; J. Zhang et al., 2019).
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Until recently, their morphological diversity had been completely unexplored (T.
Huang et al., 2021).
Unlike the sensory neurons of skin (K. Castillo, Diaz-Franulic, Canan,
Gonzalez-Nilo, & Latorre, 2018; Maksimovic et al., 2014), taste neurons do not
participate in transduction (Chandrashekar, Hoon, Ryba, & Zuker, 2006).
Therefore, functional differences between gustatory neurons are thought to be
determined entirely by the type of taste-transducing cell they innervate (D. A.
Yarmolinsky et al., 2009). Consistent with this hypothesis, retrograde tracing
studies conclude that most taste neurons innervate only a single taste bud (Zaidi
& Whitehead, 2006). In addition, functional studies conclude that limited
convergence is required for quality coding at mid-range stimulus concentrations
(Yoshida, Yasumatsu, Shigemura, & Ninomiya, 2006). Despite the functional and
molecular diversity of taste neurons, anatomical variation in these neurons was not
expected, and was difficult to measure.
A definitive measure of morphological diversity necessitated full reconstruction
of the peripheral axon of individual neurons. However, anatomical tracers do not
travel the full length of peripheral taste axons. Genetic labeling provides a practical
alternative (Bai et al., 2015; Kuehn, Meltzer, Abraira, Ho, & Ginty, 2019; H. Wu et
al., 2012); however, obstacles to this approach also exist. First, the number of taste
neurons innervating the tongue is miniscule relative to the somatosensory
innervation of lingual epithelium. Thus, if neurons from both populations are
labeled, individual taste axons will be indistinguishable from somatosensory
axons. As these two populations of neurons express many of the same factors, the
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majority of genetic labels used in other systems are impractical for reconstructing
taste neurons (H. Wu et al., 2012). Lastly, the tongue is an unusually dense tissue
requiring relatively thin sections for antibody labeling, which renders full neuron
reconstruction unusually tedious. Dr. Tao Huang from our lab recently overcame
these challenges and was able to reconstruct the full peripheral arbors of taste
neurons. These reconstructions revealed a surprising degree of diversity between
taste neurons that, on average, innervate more taste buds than previously
estimated (Zaidi & Whitehead, 2006). Dr. Huang concluded that taste neurons can
be sorted into four groups based on branching complexity.
The degree of branching likely reflects the degree of connectivity with tastetransducing cells (Chklovskii, 2004), but this is not necessarily the case. The
number of cells that could provide input to individual neurons has never been
estimated and so whether or not they vary in either the pattern or amount of
innervation they provide to taste-transducing cells is unclear. My goal here was to
develop an approach to examine the largest number of cells capable of providing
input to a neuron as well as the patterns of that input. I accomplish this goal by first
developing an objective approach for determining the largest number of tastetransducing cells that are sufficiently close to a nerve arbor that they are capable
of providing input. I then utilize sparse cell genetic labeling to label single taste
neurons and analyze their complete arbors to determine branching characteristics
and their relationships with taste-transducing cells. I demonstrate that neurons with
more complex axonal arbors contact a large number of taste-transducing cells all
of different types, whereas those with simple endings contact only a few taste17

transducing cells all of the same type. I conclude that individual neurons likely
receive differing amounts of convergent information from taste-transducing cells.
Thus, gustatory neuron responses are likely determined by both amount as well
as type of input.

2.2.

Materials and methods

2.2.1. Animals
TrkBCreER

mice

(Ntrk2 tm3.1(cre/ERT2)Ddg;,

https://www.jax.org/

ISMR

Cat#

JAX:027214, RRID:IMSR_JAX:027214) were crossed with Cre-dependent
tdTomato mice ((M. Rutlin, C. Y. Ho, V. E. Abraira, C. Cassidy, C. J. Woodbury, et
al.,

2014)

https://www.jax.org/

RRID:

IMSR_JAX:007914)

to

obtain

TrkB C re E R :tdTomato mice. In these mice, the reporter gene tdTomato is
expressed following TrkB-driven Cre-mediated gene recombination.
Fungiform taste buds decrease in number postnatally (D. J. Liebl, J. P.
Mbiene, & L. F. Parada, 1999; Patel & Krimm, 2012), such that varying the
experimental age of examination could introduce variation in fiber morphology.
To avoid this potential confounding variable, all fibers were reconstructed in mice
at postnatal day 60–62. In order to label one single tdTomato-positive axon in the
tongue, 94 TrkB C re E R :tdTomato mice were injected with tamoxifen (0.3mg-1mg)
via intragastric gavage at P40, producing a total of 21 half tongues with one
labeled axon. The remaining 167 tongue halves were determined to have either
no labeled axons or too many (more than one) following serial sectioning of the
tongue muscle. Tongue halves with one or more than one taste neuron labeled
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were used to analyze the characteristics of individual taste arbors.
Animals were cared for and used in accordance with guidelines of the U.S.
Public Health Service Policy on Humane Care and Use of Laboratory Animals
and NIH Guide for the Care and Use of Laboratory Animals.

2.2.2. Tamoxifen Injections
Tamoxifen (T-5648, Sigma, St. Louis, MO) was dissolved in corn oil (C8267, Sigma, St. Louis, MO) at 20 mg/ml by shaking and heating at 42°C and
injected at P40 by intragastric gavage.

2.2.3. Immunohistochemistry
TrkB C re E R :tdTomato mice were sacrificed by avertin overdose (4 mg/kg) and
perfused transcardially with 4% PFA. Dissected tissues were postfixed in 4% PFA
for 2 h (for thin serial sections) or overnight (thick sections and whole mounts),
rinsed with PBS, and transferred to 30% sucrose at 4°C overnight. A razor blade
was used to remove the circumvallate papilla; the tongues were then carefully split
down the midline with a razor blade under a dissection microscope. Tongues were
frozen the next day in OCT and stored at -80°C before sectioning on a cryostat or
processing for whole-mount staining. To determine if tongue halves are innervated
by a single fiber, the muscle at the base of the midline was isolated using a razor
blade, frozen in OCT, and serially sectioned (30 µm) on the cryostat. Serial
sections were thaw mounted onto slides in order and then cover slipped with
Fluoromount-G (SouthernBiotech, Birmingham, AL). Sections were examined
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under a fluorescence microscope to determine how many labeled fibers enter the
tongue.
Whole-mount immunohistochemistry of the lingual epithelium was performed
to visualize innervated taste buds. First, the underlying muscle and lamina propria
were removed as described previously (L. Ohman-Gault et al., 2017). The isolated
lingual epithelium was then washed for 15 min (3 times) in 0.1 M PB. Tissues were
then incubated in blocking solution (3% donkey serum, 0.5% Triton X-100 in 0.1 M
PB) at 4°C overnight and then incubated for 5 days at 4°C with primary antibodies
(PLCβ2, 1:500, RRID:AB_2630573; Santa Cruz Biotechnology) in antibody
solution (0.5% Triton X-100 in 0.1 M PB). Tissues were rinsed four times for 15
min each with 0.1 M PB, incubated with secondary antibodies (1:500, Alexa Fluor
488 AffiniPure, RRID:AB_2340619; Jackson ImmunoResearch), rinsed again (4
times for 15 min each with 0.1 M PB), and then incubated with 5% normal rabbit
serum in antibody solution. Tissues were then rinsed and incubated with AffiniPure
Fab fragment donkey anti-rabbit IgG (20 µg/mL, RRID:AB_2340587; Jackson
ImmunoResearch) in antibody solution, rinsed, and incubated with Zenon Alexa
Fluor 555 rabbit IgG labeling kit (according to the instructions for Zenon complex
formation [Z25305; Invitrogen]) using anti-DsRed (1:500; RRID:AB_10013483;
Living Colors DsRed polyclonal; Takara Bio USA). Tissues were rinsed, incubated
for 5 days at 4°C with Car4 primary antibody (1:500, RRID:AB_10013483; R&D
Systems), rinsed, and then incubated with secondary antibodies (1:500, Alexa
Fluor 647 AffiniPure, RRID:AB_2340438). Tissues were then rinsed again,
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mounted with Fluoromount-G, and coverslipped (high precision, 0107242;
Marienfeld).

2.2.4. Confocal Imaging
Taste bud images were obtained using an Olympus Fluoview FV1000
confocal laser-scanning microscope with a 60´ NA1.4 lens objective using a zoom
of 3, Kalman 2. Image sizes were initially set at 1,024 × 1,024 pixels but were
cropped to reduce scanning time and bleaching. Serial optical sections at intervals
of 0.47 μm in the Z dimension were captured, which is the optimal size at 60x
magnification for 3D reconstruction. All colors were imaged sequentially in
separate channels to avoid bleed through. Image stacks were then deconvolved
using AutoQuant X3 software (Media Cybernetics, Maryland) to reduce out-offocus florescence and improve image quality.

2.2.5. Experimental Design and Statistical Analyses
Imaris software version 6.4.2 (Bitplane) was used to generate the 3D
reconstructions and to measure proximity of nerve arbors to labeled taste cells.
The colocalization function in Imaris was not used, because it contains many userselected options that might contribute experimenter bias. More importantly, it was
unclear how much colocalization there would be between labels in two separate
cell types: the labeled taste bud cells and nerve arbors. Also, the physical
relationship between any two florescent markers in a sample is influenced by
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tissue processing, intensity and wavelength of labels, the location of the labeled
protein in the cells, deconvolution, orientation of the tissue, etc. Thus, the physical
distance between nerve arbors and labeled taste bud cells (proximity) was
measured with a distance transformation function in Imaris, which was previously
described (Valm et al., 2017). This algorithm permits identification of an object and
then its distance from any/all other objects in a defined 3D space. This was
accomplished using automated thresholding, which identified the surface of
labeled objects (cells and nerve arbors) and then determined the distance between
them in voxel increments. Thresholds were automatically generated with no input
from the operator to limit bias. Because the sampling was at roughly twice the
resolution of the microscope, distances of two voxels or less are equivalent to the
colocalization artifacts that occur when two objects of different colors are
sufficiently close (Corson & Erisir, 2013; Stratford, Larson, Yang, Salcedo, &
Finger, 2017a). However, the proximity analysis enables the distance between any
two cells to be measured. To display the relationship between a single arbor and
labeled taste bud cell, individual taste-transducing cells and arbors were
segmented in Imaris, and the fluorescent channel was only duplicated within the
selected region. Segmentation was completed after analysis for illustrative
purposes only.
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2.2.6. Statistical Analysis
These data were not normally distributed so differences across multiple groups
were compared using a Kruskal-Wallis test, while two groups were compared using
a Mann-Whitney test. Multiple comparisons were avoided by comparing a limited
number of factors relevant to the study. Because most of our measures were not
normally distributed, Spearman correlations were used to analyze the relationship
between variables. The alpha level was set at p=0.05, and actual p values are
reported. However, when more than one comparison was made for a measure, a
Bonferroni correction was used to adjust the alpha level. A Chi Square or Fisher’s
Exact Test was used to compare categorical distributions and the alpha level was
set at p=0.05. Actual p values are reported.

2.3.

Results

2.3.1. All taste buds innervated by a single tdTomato labeled taste neuron
can be isolated
Full reconstruction of the peripheral axons of taste neurons was recently
accomplished by Dr. Huang in our lab using sparse cell genetic labeling in
TrkBCreER:AP mice (T. Huang et al., 2021). The advantage of Dr. Huang’s approach
is that full reconstruction of the entire peripheral axon and thus characterization of
all branching characteristics is possible (Figure 2.1). However, this preparation
lacks labels for taste-transducing cells so how branching characteristics relate to
the type(s) and number of taste-transducing cells remains unknown. To bridge this
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gap, I used the same TrkBCreER mouse bred instead with a tdTomato reporter, so
that taste-transducing cells could also be labeled in the preparation. Each of the
two chorda tympani nerves joins the lingual nerve and then enter at the tongue as
a bundle, located lateral to the midline and innervate the tongue unilaterally. By
isolating the muscle containing the full chorda-lingual nerve bundle and viewing it
in serial sections, I could confirm that only a single labeled taste neuron was
entering the tongue, and thus all arbors innervating taste buds on that side of the
tongue originate from this single labeled neuron (Figure 2.2).

2.3.2. Each arbor contacts a limited number of taste-transducing cells
Dr. Huang measured 16 different anatomical features for 96 individual taste
neurons (Figure 2.2), a K-means clustering analysis revealed that the total arbor
length within taste buds separated the neurons into four clusters based on
branching complexity. Given that I am able to collect whole taste buds and
measure arbor length across all taste buds for a given taste neuron, I sorted my
neurons into the 4 clusters.
Because clusters were best separated by the amount of axon available to
contact taste-transducing cells, I next sought to examine how many tastetransducing cells are contacted by a single neuron. While it is not possible to
observe connections at the light level, the largest number of taste-transducing cells
that are sufficiently close to a neuron to form a connection can be determined. To
determine the closest proximity between taste-transducing cells and nerve fibers,
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Ilabeled all taste nerve arbors (Phox2b-Cre:tdTomato mice) and many tastetransducing cells using well-established markers for cells transducing sweet, bitter,
and umami-type stimuli [(anti-phospholipase C beta-2 (PLCβ2) (T. R. Clapp, R.
Yang, C. L. Stoick, S. C. Kinnamon, & J. C. Kinnamon, 2004; Zhao et al., 2003)]
and

those

transducing

sour-stimuli

[(anti-carbonic

anhydrase

4

(Car4)

(Chandrashekar et al., 2009a)]. I then analyzed three-dimensional (3D) image
stacks to identify the taste-transducing cells and arbors that were closest to each
other (Fig. 2.3A). I found that arbors tended to be either within one voxel (~110nm,
below the resolution of the light microscope and frequently seen as overlapping
(referred to henceforth as contacts) or separated by more than 1µm (Fig. 2.3A,B),
so this became my criteria for a contact.
To determine how many taste-transducing cells are contacted by individual
taste arbors, I reconstructed 151 individual arbors in fungiform taste buds. These
arbors were labeled in TrkBCreER:tdTomato mice injected with 1.5-2.0mg of
tamoxifen, which tends to label 1 to 2 arbors in approximately half of the fungiform
taste buds. Arbors contacting either PLCβ2-labeled (Fig. 2.3C,D) or Car4-labeled
taste bud cells (Fig. 2.3E,F) sometimes followed the labeled taste bud cell a
considerable distance (12-25µm; Fig. 2.3C,E), while others followed for much
shorter distances (less than 12µm, Fig. 2.3D,F). Frequently, arbors contact the
same cell at multiple different locations. Because it is unclear how many of these
contacts actually represent a connection, I did not quantify contacts, but quantified
the number of cells contacted. Thus, an arbor contacts one cell regardless of the
distance travelled along the cell or the number of distinct instances in which the
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nerve arbor or taste receptor cell come within 200 nm. Using this analysis, I found
that each arbor contacted 1.87 +/-0.13 taste-transducing cells on average. This
number is only slightly more than the average of 1.6 Type III cells that synapse
with individual circumvallate arbors (J. C. Kinnamon, T. A. Sherman, & S. D. Roper,
1988).
I found that 48% of the arbors only contacted one taste-transducing cell,
suggesting that these arbors either form a connection with a single tastetransducing cell or do not form a connection at all. A few of the arbors contacted
no labeled taste bud cells (7%) and could not receive input from either a Car4positive or PLCβ2-positive taste bud cell. Within the 45% that contacted multiple
cells, 17% only contacted Car4- or only PLCβ2-positive cells such that 28% of the
total population of arbors contacted both PLCβ2- and Car4-labeled taste bud cells.
In addition to functional connections, an arbor likely contacts a taste-transducing
cell when assessing molecular compatibility (Lee, Macpherson, Parada, Zuker, &
Ryba, 2017) to form a new connection or when a branch passes in proximity to a
taste-transducing cell. Because there is no published evidence that an individual
arbor can receive functional input from more than one taste-transducing cell type,
I hypothesized that arbors contacting more than one cell type might be larger, and
perhaps in a state of greater plasticity (process of connecting to a new cell).
Consistent with this possibility, arbors contacting more than one cell type are
longer (median=89 (N=106) vs 57 (N=39) µm, U=1185, p=0.0001) and more
heavily branched (median 5 (N=106) vs 3 branch ends (N=39), U=1522,
p=0.0012).
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2.3.3. Complex neurons contact more taste-transducing cells than simply
branched neurons
Given that each arbor contacts approximately 1.8 taste-transducing cells, I
first sought to predict the number of taste-transducing cells contacted by neurons
from clusters 1-4 defined by Dr. Huang (T. Huang et al., 2021). Based on the 96
neurons Dr. Huang reconstructed, I multiplied the number of arbors by 1.8 to
estimate the number of taste-transducing cells contacted per neuron. Based on
this calculation, I predict that cluster 1 neurons would contact an average of
4.7±0.4 taste-transducing cells, cluster 2 neurons would contact an average of
8.8±0.6 taste-transducing cells, cluster 3 neurons would contact and average of
13.9±1.4 taste-transducing cells, and cluster 4 neurons would contact 18±2.7
taste-transducing cells. Thus, differences in the number of cells contacted is
predicted from terminal arbor number.
Next, I sought to examine the degree to which more heavily branched
neurons have an opportunity to connect with larger numbers of taste-transducing
cells. To this end, I sought a dose of tamoxifen that would result in labeling single
axons. Since these neurons typically do not cross the midline, each half of the
tongue can be evaluated independently. Individual axons were identified from
where the chorda tympani-lingual nerve enters the tongue in a single nerve
bundle and followed through multiple serial sections to determine the number of
labeled axons (Fig. 2.4A). By injecting different low doses of tamoxifen (0.3–0.6
mg), I determined that one injection of 0.6 mg results in one single labeled axon
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roughly 25% of the time (Table 2.1). Three examples of cluster 1 neurons are
illustrated (Fig. 2.4B). The first neuron innervated one taste bud and contacted
two Car4-positive cells. The second neuron innervated two taste buds and
contacted 4 PLCβ2-positive cells, and the third neuron contacts one PLCβ2postive cell. A single cluster 2 neuron is also illustrated (Fig. 2.4C), which
contacted 10 labeled taste cells across 5 taste buds. Although this axon contacts
multiple taste cell types, the contacts were heavily biased toward Car4-positive
cells (7 Car4 and 3 PLCβ2).
A total of 21 single axons from clusters 1, 2, and 3 were analyzed. I found
that the mean number of taste-transducing cells contacted significantly differed
between clusters (H(2,20)=17.16 p=0.0002; Fig. 2.4D). Cluster 1 neurons
contacted an average of 1.6±0.4 taste-transducing cells, which is significantly
fewer than the predicted mean of 4.7±0.4 (P<0.001). In fact, most cluster 1
neurons only contact one taste-transducing cell. This finding indicates that either
many taste neurons are unresponsive to stimuli or a neuron response can be
driven by input from only a single taste-transducing cell. Therefore, a specific
feature of cluster 1 neurons is that each of their arbors contacts fewer taste tastetransducing cells (0.93 taste-transducing cells/arbor) than is typical for the full
population (1.8 taste-transducing cells/arbor). Cluster 2 neurons contacted an
average of 9±0.8 taste-transducing cells, which was not significantly different
than the predicted mean of 8.8 taste-transducing cells (p=0.4). Axons of cluster 3
neurons contacted an average of 16.5±6.5 taste-transducing cells, which was
similar to the predicted value (14, p=0.4). Across the clusters, the number of
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taste-transducing cells contacted was predicted by both the number of arbors
(r=0.72, p<0.0005) and the neuron’s combined arbor length (r=0.74, p<0.0005).
Thus, by increasing neuron complexity, taste neurons increase the number of
taste-transducing cells from which they could receive input.
Arbors from the cluster 1 neurons are more likely to contact a PLCβ2 cell and
less likely to contact a Car4 cell than arbors from clusters 2 and 3 neurons (Fig.
2.4E, χ2 =6.63, p=0.036). Most cluster 1 neurons only contact one tastetransducing cell (always PLCβ2-labeled). This finding indicates that either many
taste neurons are either unresponsive to stimuli or a neuron response can be
driven by input from only a single taste-transducing cell. Another difference across
these morphological clusters was the pattern in the type of taste-transducing cells
contacted across the clusters.
I examined this same question another way using a similar approach as
functional studies. Functionally, gustatory neurons are typically divided based on
their “best” stimulus quality (sweet, sour, etc.), even though roughly 40% of the
population responds to more than one stimulus (Barretto et al., 2015; M. E. Frank,
2000; A. Wu et al., 2015; Yoshida et al., 2006). I speculated that a similar approach
would permit us to compare morphologies across predicted functional quality by
dividing neurons based on the type of cell contacted most frequently, PLCβ2
(sweet/bitter/umami) or Car4 (sour) cells. For example, the neuron in Figure 2.4C
contacted 7 Car4-positive cells and 3 PLCβ2-positive cells, so it was placed in the
group contacting more Car4 cells. The two neurons that contact the same number
of each cell type were placed into groups based on the combined size of these
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contacts. Of the 21 neurons examined, 11 contacted more sweet/bitter/umami
cells, while 10 contacted more sour-transducing cells. Neurons contacting more
sour-transducing cells had a greater combined arbor length (Fig. 2.4F; t(19)=2.59,
p=0.018) and more terminal branch ends (median=5 (N=11) vs 16 (N=10) U=19,
p=0.025), indicating that they are more heavily branched than neurons primarily
contacting sweet/bitter/umami-transducing cells. However, there was also
considerable variation within each group and distributions were overlapping (Fig.
2.4F).
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Figure 2.1. Genetically directed sparse-cell labeling, reconstruction, and
quantification of individual taste axons. (A-E) A single AP-stained axon from a
TrkBCreER:AP mouse injected with tamoxifen at postnatal day 40. (A) A
reconstruction of the taste axon starting from where it enters the tongue (B) to the
arbors. It is superimposed on an outline of a tongue section. (B) Images of the APstained axon are shown at 3 different focal depths (left to right) in this 180-µm
section. (C) An enlarged view of the same axon with each branch segment
presented in a different color. This axon innervates 4 taste buds (one of which is
shown in D). Boxes illustrate the locations of branch points (E’-E’’), which are
shown at 3 different focal depths. The scale bar in B = 20µm and applies to D and
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E; the scale bar in C = 100µm. (F) For tongue halves where serial sectioning
confirmed only one neuron was labeled (F, green rectangle), I isolated the entire
lingual epithelium thereby ensuring I collect all innervated taste buds and stained
(G) using taste transducing cell markers for PLCβ2 (sweet/umami/bitter, green)
and Car4 (sour, blue).
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Figure 2.2. Illustration of 16 measurements quantified for 96 peripheral taste
neurons. (A) illustrates 7 of the features quantified for the entire axon (in the
legend), using the mean features across all 96 axons to create this depiction. In
addition, to the depicted measure the total length of the axon was measured (green
and gray in F summed). The location in the tongue was assigned a number (tip=1,
mid-region=2, back=3) was assigned, since the depicted hypothetical axon has
arbors innervating both the tip and mid-region, the number 1.5 would be assigned.
(B-C) Illustrate 7 additional anatomical characteristics measured in the taste buds.
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Figure 2.3. Determining the number of taste-transducing cells contacting
individual arbors. (A) A taste bud with all arbors from taste neurons labeled
magenta (tdTomato) and taste bud cells expressing PLCβ2-labeled green (sweet, bitter-, and umami-transducing cells). The distance between nerve arbors and
taste-transducing cells was measured incrementally in 1.5 voxels (110 nm,
essentially overlapping). These regions were pseudo-colored white. A single
34

section through the taste bud indicated by the white line is shown to the right of the
taste bud. A single magenta arbor (yellow arrowhead) contacts one PLCβ2positive taste bud cell (green). The next closest PLCβ2-positive cell to the same
arbor was pseudo-colored yellow-green is 1.2µm away (white arrow). (A, bottom)
Segmenting the cells and arbors to remove florescent label outside the segmented
area permits the relationship between individual arbors and taste transducing cells
to be viewed. Scale bar = 5µm. (B) When all innervation to the taste bud is labeled
(using Phox2b-Cre:tdTomato), there are numerous locations where nerve arbors
are within a single voxel (110 nm) of a taste-transducing cell (mean ± standard
error for N=3 taste buds). However, very few additional cells are contacted as I
increase the minimum distance (in nanometers), making 110 nm a reasonable
criteria for a contact. (C-F) There are variations in the relationship between taste
bud cells and nerve arbors. (C, E) Some arbors extend along a nerve cell for a
long distance, others contact cells for shorter distances (D, F). Arbors tend to
contact PLCβ2-labeled cells (green) at widened regions of the arbor (C, D white
arrows). Arbors tend to contact Car4-positive cells (blue) at sites of indentation of
the nerve fiber into the cell (E, F, arrows). The fluorescence for each fluorophore
was optimized for brightness contrast. For panels C-F complete arbors and
contacted taste-transducing cells were segmented and the fluorescence outside
the reconstruction removed, as illustrated in panel A. The reconstruction was
removed and the fluorescence inside the reconstruction is shown in each panel.
Scale bars in C-F are 5µm in whole cell images, and 2µm in cross-sections.
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Genotype

Dose of

No.

No.

No.

tamoxifen

with 0

with 1

with 2 or

(mg)

axons

axon

more

labeled

labeled

axons
labeled

TrkBCreER/RosaAi14/+

TrkBCreER/RosaAi14/Ai14

0.5

5

1

4

0.75

9

2

5

1.0

4

5

3

0.3

33

3

6

0.4

23

0

3

0.5

21

10

20

0.6

8

5

7

Table 2.1. Incidence of single axons labeled by dose for the 94 mice injected
with tamoxifen on postnatal day 40. Each tongue was divided in half, giving two
opportunities for a single labeled neuron, which was determined from serial
sections of the tongue muscle for 187 half tongues (one was lost during
sectioning). Of the 26 single axons obtained in this manner, 5 had either too
much background to analyze or the tissue was lost during processing.
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Figure 2.4. Number of taste-transducing cells contacted by axons from individual
neurons. (A) A single axon (white arrows) is shown in three serial sections of
tongue muscle (arrows). Scale bar = 50 µm. (B) Arbors from three cluster 1
neurons. The axon of neuron 1 (left) innervates a single taste bud with one arbor
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that contacts two Car4-positive cells. The axon of neuron 2 innervates two taste
buds and contacts four PLCβ2-positive cells. The axon of neuron 3 contacts a
single PLCβ2-positive cell. (C) One cluster 2 neuron innervating five taste buds is
shown along with the 10 taste-transducing cells contacted. All scale bars = 5 µm.
For all panels the arbors and labeled taste bud cells that were contacted were
segmented and the fluorescence outside the reconstruction was removed, as
illustrated in Fig. 2.3A. (D) The numbers of taste-transducing cells contacted by
21 single taste axons increases across cluster. (E) Patterns in the number of
arbors contacting each cell type are different across clusters, suggesting that
neuron type/s likely differ across clusters. (F) When neurons are divided into
groups based of the type of cells contacted, these two groups have different but
overlapping distributions of combined arbor length, suggesting that neurons
contacting more Car4-positive cells (sour transducing) are also more heavily
branched.
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2.4.

Discussion:

Taste neurons exhibit both functional (Barretto et al., 2015; Breza et al., 2010;
M. Frank, 1973; M. E. Frank, 2000; Lundy & Contreras, 1999; Sollars & Hill, 2005;
A. Wu et al., 2015; Yoshida & Ninomiya, 2010; Yoshida et al., 2006) and molecular
diversity (C. L. Yee et al., 2001; J. Zhang et al., 2019). Dr. Huang recently
determined that they are also morphologically diverse. Using sparse-cell genetic
labeling, he found considerable variation in the branching characteristics of taste
neurons. Roughly half of the taste neurons had few branches (cluster 1), whereas
others branched extensively along a continuum of complexity (clusters 2-4). Some
axons increased branching by innervating more taste buds (cluster 2), while others
also increased the number of arbors per taste bud (clusters 3 and 4). This
variability in branching complexity is surprising in mice, since it is not consistent
with previous studies that utilized indirect approaches to examine the branching
characteristics of taste axons (Zaidi & Whitehead, 2006). This variation in
branching likely underlies variation in the amount of convergence of tastetransducing cell input onto individual neurons.
To determine to what extent branching differences relate to the number and
type(s) of transducing cells contacted, I sorted individual tdTomato labeled taste
neurons where taste-transducing cells are labeled into the simple and complex
neuron categories determined by Dr. Huang (T. Huang et al., 2021). Consistently,
I found that simple neurons (cluster 1) typically only contacted 1–4 tastetransducing cells, all of the same type. Alternatively, more heavily branched
(cluster 2,3) neurons could potentially receive input from 5–22 taste-transducing
39

cells, consistently contacting more than one type of taste-transducing cell. In
addition, more heavily branched neurons were more likely to contact sourtransducing cells than those that transduce sweet/bitter/umami, indicating that
neuron types (divided based on taste quality) likely differ in morphology. Lastly,
variation in morphology within a neuron type or quality likely has important
implications for both function and plasticity.
To what extent the variable morphological complexities represent a snapshot
in time of a changing pattern or are permanent characteristics is unclear. A unique
feature of taste bud cells is that they have a limited lifespan and are constantly
renewed (L. M. Beidler & R. L. Smallman, 1965; R. J. Delay, Kinnamon, & Roper,
1986; Farbman, 1980; Perea-Martinez et al., 2013). As a result, gustatory ganglion
neurons must continually locate and form functional connections with new adult
taste-transducing cells. Presumably, this process is accompanied by changes in
branching characteristics. I observed substantial variation in neuron complexity
which predicts differences in the number of taste-transducing cells contacted by
individual neurons. If branching changes over time, degree of convergence could
also be a changing feature of taste neurons resulting in changing functional
characteristics over time (Shimatani, Nikles, Najafi, & Bradley, 2003). However,
this may be true only within a limited range if some components of the neuron
structure are stable over time.
One possibility is that arbor complexity is dictated primarily by the process of
finding and connecting with a new taste-transducing cell, while arbor number is a
stable feature of the neuron. I found no differences in mean arbor length or
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complexity across clusters, consistent with the idea that arbor structure is primarily
plastic. The largest/most complex arbors could be extending throughout the taste
bud to locate and connect to a new taste-transducing cell. Consistently, arbors
contacting multiple cell types were longer and more heavily branched. In spite of
their variable morphology, most arbors only contact 1-2 taste-transducing cells,
which is consistent with electron microscopy findings for synapses (J. C. Kinnamon
et al., 1988). Consistently, I found that the number of arbors is the best predictor
of the number of taste-transducing cells contacted by an individual neuron (T.
Huang et al., 2021). The number of arbors is determined by the number of branch
points below the epithelium. Because a change in these branch points may not be
required for a taste bud to form a new connection with a taste-transducing cell, the
number of arbors may be a stable characteristic of the neuron contributing to
functional stability over time.
I examined the number of taste-transducing cells contacted by each neuron.
Contacts likely represent one of three scenarios, only one of which represents
functional connectivity. First, there are likely some locations where the nerve arbor
simply passes within 200nm of a taste-transducing cell without any specific
interaction with that cell. A second possibility are locations where the cell
membranes of neurons and taste-transducing cells contact as part of the process
of re-innervation with cell turnover (as discussed above). Contact between tastetransducing cells and nerve arbors would allow a nerve arbor to determine
molecular compatibility (i.e. the presence of a ligand on one cell and receptor on
the other for factors involved in synapse formation). These “sampling contacts” are
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likely since the continued rewiring of the taste system is thought to depend upon
multiple molecular factors (Lee et al., 2017). The third scenario is that all functional
connections require a contact measurable at the light level. Distinguishing between
these possibilities for an individual neuron is not possible even with EM analysis
(R. Yang et al., 2019). This is the case because individual arbors from the same
neuron, but innervating different taste buds, are separated by too great a distance
to be reconstructed at the EM level. In addition, structural correlates may not exist
between nerve fibers and all cell types, in spite of recent advances (R. A. Romanov
et al., 2018; R. Yang et al., 2019). However, it seems likely that the number of
functional connections is greater in neurons with many arbors than for neurons
with only a single arbor. If each neuron only had a functional connection on only
one arbor, regardless of the number arbors, only 96 of the 452 arbors I observed
would have a connection, leaving 78% of all arbors without a connection to a tastetransducing cell – a possibility which is not consistent with EM studies (J. C.
Kinnamon et al., 1988). Thus, the most likely reason for differential branching is
differential convergence.
Variations in the amount of convergent input from the same type of tastetransducing cell onto different neurons could result in variable sensitivities to the
taste stimulus transduced by these cells. For example, a neuron receiving input
from eight sour-transducing cells (Car4-expressing (Chandrashekar et al., 2009a;
A. L. Huang et al., 2006)) may be more sensitive to citric acid than a neuron
receiving input from only two sour transducing cells. Consistent with this idea,
stimulation of independent areas of a neuron’s receptive field with the same
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stimulus enhances the response (I. J. Miller, Jr., 1971). Our results show that not
all neurons branch to contact multiple taste-transducing cells, suggesting that this
enhancement occurs in some neurons, but not others. These differences could
produce variations in thresholds and intensity ranges for the same stimulus across
the population of neurons. While increases in response rate represent taste
stimulus intensity (Breza et al., 2010; Fonseca, de Lafuente, Simon, & Gutierrez,
2018; Ganchrow & Erickson, 1970; T. R. Scott, Plata-Salaman, Smith, & Giza,
1991), it is unclear whether additional peripheral neurons are recruited as stimulus
intensity increases (i.e. graded intensity coding), as is the case with warm stimuli
(Wang et al., 2018). Variation in stimulus thresholds across the population is
consistent with our anatomical data and would permit a greater range of intensities
to be coded by taste neurons than by individual taste-transducing cells (Caicedo,
Kim, & Roper, 2002). This possibility is supported by the findings from the few
studies that utilized multiple stimulus concentrations to examine taste coding in
peripheral neurons (Breza et al., 2010; Ganchrow & Erickson, 1970; A. Wu et al.,
2015). Consistent with this idea, our data predict a range of branching
characteristics within each taste quality.
I also observed that neurons contacting more sour-transducing cells tended to
be more heavily branched than those contacting sweet/bitter/umami transducing
cells. If as a result, neurons responding to sour stimuli receive input from a larger
number of taste-transducing cells, they would be predicted to be more broadly
tuned. Approximately one-fourth of individual taste-transducing cells are capable
of responding to more than one stimulus (Tomchik, Berg, Kim, Chaudhari, &
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Roper, 2007b; Yoshida & Ninomiya, 2016). Therefore, as the amount of
convergent input increases for a given neuron, the probability that it will receive
input from taste-transducing cells responding to multiple stimuli also increases.
Variation in branching may explain why functional studies of peripheral taste
neurons have consistently observed both narrowly and broadly tuned neurons
(Barretto et al., 2015; A. Wu et al., 2015; Yoshida et al., 2006). Consistently,
neurons responding to sweet are typically described as more narrowly tuned than
neurons responding to primarily to sour (Breza et al., 2010; M. E. Frank, 2000;
Lundy & Contreras, 1999). While it has been repeatedly speculated that this is due
to differences in the tuning properties of the taste-transducing cells (Barretto et al.,
2015; Tomchik et al., 2007b), my data suggest that differential convergence onto
the nerve fiber is another likely explanation.
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CHAPTER III

TASTE ARBOR VARIABILITY LIKELY REFLECTS PLASTICITY

3.1.

Introduction

Morphological classification is an essential component of characterizing
neurons as it reflects neuron function and connectivity (Masland, 2004; Zeng &
Sanes, 2017). Santiago Ramón y Cajal observed the rich diversity in neuronal
morphology and hypothesized that these distinct morphologies relate to
distinguishing functions. Since then, correlations between neuronal morphologies
and functions in many parts of the nervous system have supported Cajal’s
hypothesis. For example, laminar arborization of retinal ganglion cell dendrites
relates to the connectivity with other cell types and thus their function (Masland,
2012). Some somatosensory neurons display unique anatomy of their peripheral
endings that relate to the function of that neuron type. For example, one type of
light touch mechanoreceptor forms lanceolate endings only on the caudal side of
the hair follicle, which is consistent with its function as a direction-selective
neuron (M. Rutlin, C. Y. Ho, V. E. Abraira, C. Cassidy, L. Bai, et al., 2014). Unlike
retinal and somatosensory neurons, very little is known about taste neuron
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morphology, and thus anatomical information that may indicate differences
between taste neuron types remains unknown.
For decades, taste neurons have been described primarily based on their
functional characteristics (Erickson et al., 1980; Lundy & Contreras, 1999) and
recently, also molecular expression (G. Dvoryanchikov et al., 2017; J. Zhang et
al., 2019). I found that taste ganglion neurons also vary extensively along a
spectrum of branching complexity (Chapter II). After taste ganglion neurons enter
the tongue, they may branch in the tongue musculature and lamina propria
generating between 1-17 arbors (the portion of the neuron within the taste bud)
that innervate taste buds (Chapter II). Roughly half of these individual taste
neurons only come sufficiently close to contact a small number of tastetransducing cells of a single type. Others contact an increasingly large number of
taste-transducing cells depending on the number of arbors the neuron has.
However, the degree to which arbor structure varies and the significance of that
variation was not fully explored.
The arbors of taste ganglion neurons innervate taste buds comprised of
elongated, epithelial-derived sensory cells that transduce chemical taste
information in the oral cavity. These taste-transducing cells differ in the type(s) of
taste qualities they transduce (Chandrashekar et al., 2009a; Y. Zhang et al.,
2003) and their molecular substrates for connecting with taste arbors (J. C.
Kinnamon et al., 1985; R. G. Murray & Murray, 1967; A. Taruno et al., 2013).
Although I have shown that taste arbors vary in morphology, the reason for these
morphological differences is unclear. Differences in arbor morphology may be
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related to the type(s) of taste-transducing cells contacted (Wilson et al., 2021) or
the size or taste-transducing cell makeup of the taste bud.
The relationship between arbor structure is complicated by taste-transducing
cell turnover. Taste bud cells turn over continuously throughout adulthood (Lloyd
M. Beidler & Ronald L. Smallman, 1965) to be replaced by progenitor cells at the
base of the taste bud (R. Yang et al., 2020). This necessitates that taste arbors
disconnect from dying cells and undergo remodeling to identify and connect with
a new taste-transducing cell. The mechanisms of this process have not been
resolved, so the extent to which arbor morphology changes during this plasticity
is unclear.
My objective was to explore variation in peripheral taste arbor structure and
to identify sources that account for arbor variability and how these differences in
structure relate to the number and type of taste-transducing cells contacted.
Overall, I found that taste arbors do not exist as stereotyped endings. However,
they can be grouped by structural similarities in branching characteristics and
size. Differences in these structures are neither due to neuron type nor the taste
bud environment. Instead, the morphology of individual arbors is likely
determined primarily by plasticity.

3.2.

Material and methods:

3.2.1 Animals
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TrkBCreER

mice

(Ntrk2 tm3.1(cre/ERT2)Ddg;,

https://www.jax.org/

ISMR

Cat#

JAX:027214, RRID:IMSR_JAX:027214) were crossed with Cre-dependent
tdTomato mice ((M. Rutlin, C. Y. Ho, V. E. Abraira, C. Cassidy, C. J. Woodbury, et
al.,

2014)

https://www.jax.org/

RRID:

IMSR_JAX:007914)

to

obtain

TrkB C re E R :tdTomato mice. In these mice, the reporter gene tdTomato is
expressed following TrkB-driven Cre-mediated gene recombination.
In order to label a few tdTomato-positive axons in the tongue, 94
TrkB C re E R :tdTomato mice were injected with tamoxifen (0.3mg-4mg) via
intragastric gavage at P40, producing half tongues with 0-6 labeled axons. The
number of labeled axons entering each half tongue was determined using serial
sections of the musculature of the tongue where the chorda tympani enters the
tongue (T. Huang et al., 2021; Ohman & Krimm, 2021). To label circumvallate
arbors TrkB C re E R :tdTomato mice were injected with 4mg tamoxifen.
Animals were cared for and used in accordance with guidelines of the U.S.
Public Health Service Policy on Humane Care and Use of Laboratory Animals
and NIH Guide for the Care and Use of Laboratory Animals.

3.2.2. Tamoxifen injections
Tamoxifen (T-5648, Sigma, St. Louis, MO) was dissolved in corn oil (C-8267,
Sigma, St. Louis, MO) at 20 mg/ml by shaking and heating at 42°C and injected
at P40 by intragastric gavage.

3.2.3. Immunohistochemistry
48

TrkB C re E R :tdTomato mice were sacrificed by avertin overdose (4 mg/kg)
and perfused transcardially with 4% PFA. Dissected tissues were postfixed in 4%
PFA overnight, rinsed with PBS, and transferred to 30% sucrose at 4°C
overnight. A razor blade was used to remove the circumvallate papilla; the
tongues were then carefully split down the midline with a razor blade under a
dissection microscope. Tongues were frozen the next day in OCT and stored at 80°C before processing for whole-mount staining. The circumvallate taste buds
were isolated using a coronal cut separating the posterior tongue, behind the
intermolar eminence. An additional parasagittal cut was made lateral to
circumvallate taste buds and the tissue was placed in the tissue mold with this
side facing the base of the mold and covered in OCT in preparation for sectioning
on the cryostat.
Whole-mount

immunohistochemistry

of

the

lingual

epithelium

and

circumvallate taste buds was performed to visualize innervated taste buds. For
fungiform taste buds, first the underlying muscle and lamina propria were removed
as described previously (L. Ohman-Gault et al., 2017). Circumvallate taste buds
were sectioned at 90 µm on the cryostat. The isolated lingual epithelium or
circumvallate sections was then washed for 15 min (3 times) in 0.1 M PB. Tissues
were then incubated in blocking solution (3% donkey serum, 0.5% Triton X-100 in
0.1 M PB) at 4°C overnight and then incubated for 5 days at 4°C with primary
antibodies (PLCβ2, 1:500, RRID:AB_2630573; Santa Cruz Biotechnology) in
antibody solution (0.5% Triton X-100 in 0.1 M PB). Tissues were rinsed four times
for 15 min each with 0.1 M PB, incubated with secondary antibodies (1:500, Alexa
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Fluor 488 AffiniPure, RRID:AB_2340619; Jackson ImmunoResearch), rinsed
again (4 times for 15 min each with 0.1 M PB), and then incubated with 5% normal
rabbit serum in antibody solution. Tissues were then rinsed and incubated with
AffiniPure Fab fragment donkey anti-rabbit IgG (20 µg/mL, RRID:AB_2340587;
Jackson ImmunoResearch) in antibody solution, rinsed, and incubated with Zenon
Alexa Fluor 555 rabbit IgG labeling kit (according to the instructions for Zenon
complex

formation

[Z25305;

Invitrogen])

using

anti-DsRed

(1:500;

RRID:AB_10013483; Living Colors DsRed polyclonal; Takara Bio USA). Tissues
were rinsed, incubated for 5 days at 4°C with Car4 primary antibody (1:500,
RRID:AB_10013483; R&D Systems), rinsed, and then incubated with secondary
antibodies (1:500, Alexa Fluor 647 AffiniPure, RRID:AB_2340438). Tissues were
then rinsed again, mounted with Fluoromount-G, and coverslipped (high precision,
0107242; Marienfeld).

3.2.4. Confocal imaging
Taste bud images were obtained using an Olympus Fluoview FV1000 confocal
laser-scanning microscope with a 60´ NA1.4 lens objective using a zoom of 3,
Kalman 2. Image sizes were initially set at 1,024 × 1,024 pixels but were cropped
to reduce scanning time and bleaching. Serial optical sections at intervals of 0.47
μm in the Z dimension were captured, which is the optimal size at 60x
magnification for 3D reconstruction. All colors were imaged sequentially in
separate channels to avoid bleed through. Image stacks were then deconvolved
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using AutoQuant X3 software (Media Cybernetics, Maryland) to reduce out-offocus florescence and improve image quality.

3.2.5. Experimental design and statistical analyses
3.2.6. Image analysis
This image analysis workflow includes reconstructing taste arbors using
Neurolucida and determining the proximity of arbors to taste-transducing cells in
Imaris. A detailed explanation of these methods has been provided previously (T.
Huang et al., 2021; Ohman & Krimm, 2021). Briefly, arbors were reconstructed in
Neurolucida 360 starting at the base of the taste bud. Once the reconstruction was
complete, it was exported to Neurolucida Explorer to obtain quantitative
measurements of arbor features. To obtain contact information for the same
arbors, the deconvoluted image stacks were imported into Imaris. Contacts were
determined using a distance transformation algorithm that calculates the distance
between an object and any/all points in a defined 3D space. This was
accomplished using automated thresholding, which identified the surface of
labeled objects (cells and nerve arbors) and then determined the distance between
them in voxel increments. To display the relationship between a single arbor and
labeled taste bud cell, individual taste-transducing cells and arbors were
segmented in Imaris, and the fluorescent channel was only duplicated within the
selected region. Segmentation was completed after analysis for illustrative
purposes only.
3.2.7. Data analysis
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Eleven anatomical measurements were recorded for each arbor: arbor length
(µm), primary branch length (µm), branch ends, highest branch order, 3D convex
hull (µm3), XY convex hull (µm2), arbor height (µm), percent of arbor length
composed of terminal branches, percent of arbor length composed of primary
branch length, total length of all terminal branches (µm), and average branch
length (µm). These data were not normally distributed so differences across
multiple groups were compared using a Kruskal-Wallis test, while two groups were
compared using a Mann-Whitney test. For Kruskal-Wallis tests, first I determined
if there was a difference within the dataset. If so, I limited the number of multiple
comparisons by comparing a limited number of factors relevant to the study. The
p value(s) for these specific comparisons were reported. The alpha level was set
at p=0.05, and actual p values are reported. However, when more than one
comparison was made for a measure, a Dunn’s correction was used to adjust the
alpha level. Because most of my measures were not normally distributed,
Spearman correlations were used to analyze the relationship between variables.
A Chi Square or Fisher’s Exact Test was used to compare categorical distributions
and the alpha level was set at p=0.05. Actual p values are reported.
3.3.

Results:

3.3.1. Taste arbors vary in size, complexity, and symmetry
After reconstructing 151 taste arbors, I did not notice specific morphological
ending types as has been overserved in the somatosensory system (H. Wu et al.,
2012). I did notice that complexity and size varied considerably across individual
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arbors. Some arbors enter the taste bud without branching whereas others enter
the taste bud to generate up to 11 branch ends (Figure 3.1A-F). Taste arbors
also vary in size so that some arbors enter the taste bud and remain localized to
one region of the taste bud (Figure 3.1B-E) whereas others spread out
expansively within the taste bud (Figure 3.1F). Given this observed variability, I
selected a measurement of arbor complexity (branch ends) and two measures of
arbor size - arbor length and convex hull (arbor spread within the taste bud) - to
begin characterizing taste arbors (Figure 3.1A). I found that taste arbors have
anywhere from 1 to 11 branch ends within the taste bud with more simple arbors
(1-3 branch ends) being the most common (Figure 3.1G). Arbors also varied in
length ranging anywhere from less than 25µm up to almost 250µm. Arbors
ranging from 25-75µm were the most common (Figure 3.1H). Arbors also varied
in convex hull (volume of reach within the taste bud) such that most arbors were
less than 500µm 3 whereas a small number exceeded 5000µm 3 (Figure 3.1I). For
the most part, arbors that were more complex were also larger (Figure 3.1J).
However, some arbors of comparable size, may differ in complexity. For
example, the arbor in Figure 3.1B and Figure 3.1D have similar convex hull
measurements (688.5µm 3 and 672.1µm 3) but the arbor in Figure 3.1B has one
branch end whereas the one in Figure 3.1D has 4 branch ends.
The smallest arbors do not branch within the taste bud (Figure 3.1J, arbors
with 1 branch end are the smallest). Among the arbors that do branch within the
taste bud, after the first branch point some are symmetrical (add branch ends to
both sides of the arbor created by that first branch point (Figure 3.1K, left)), while
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others are asymmetrical (branch more heavily on one side) (Figure 3.1K, right).
Next, I determined whether there was a relationship between arbors size and its
asymmetry. In order to quantify asymmetry, I counted the number of branch ends
on each half of the arbor defined by the first branch point (arrow, Figure 3.1K)
and calculated the difference between the number of branch ends between the
two sides (asymmetry index). Arbors whose asymmetry index ranged from 0-2
were significantly smaller than arbors with an asymmetry index greater than 2
(Mann-Whitney U=537, p<0.0001). Therefore, I grouped the branched arbors into
two groups, small, symmetrical arbors (with an asymmetry index of 0-2, Figure
3.1L) and large, asymmetrical (asymmetry index greater than 2 as Figure 3.1L).
Overall, although there do not appear to be clear arbor “types”, arbors can be
divided into groups based on complexity, size, and symmetry, into unbranched
arbors, small symmetrically branched arbors, and large asymmetrically branched
arbors.

3.3.2. Arbor structure is not determined by taste bud size
While arbor size, complexity and symmetry vary, it is unclear what factors
regulate these differing morphologies. Fungiform taste buds vary in size (L.
Ohman-Gault et al., 2017) and I have now demonstrated that taste arbors also
vary in size (Figures 3.1). One possibility is that variation in arbor size is related
to the size of the taste bud. To evaluate this possibility, I asked if fungiform arbor
size was correlated to the volume of its taste bud (Figure 3.2A) and found no
relationship (Spearman correlation, r=-0.1545, p=0.1658).
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Taste buds exist in several distinct taste fields in the oral cavity. Specifically,
taste buds within fungiform papillae are distributed across the front of the tongue
whereas the taste buds in the single circumvallate papilla are in the back of the
tongue. Circumvallate taste buds are larger than fungiform taste buds (L.
Ohman-Gault et al., 2017) so it is possible that circumvallate arbors are larger or
more complex than fungiform arbors. To evaluate this possibility, I collected
whole circumvallate taste buds and measured the volume of the taste bud and
reconstructed individual arbors within these taste buds (Figure 3.2 B-C).
Circumvallate taste buds are larger than fungiform taste buds (unpaired t-test,
p<0.0001, 3.2D), so I used this difference to verify that the taste bud does not
control arbor size. Consistently, there was no difference between the size (Figure
3.2E), complexity (Figure 3.2F) of circumvallate and fungiform arbors. There is
no difference between the proportion of fungiform and circumvallate arbors that
are unbranched, symmetrical, and asymmetrical. Taste bud size does not
account for the differences in arbor morphology given that circumvallate taste
buds are larger than fungiform taste buds yet circumvallate arbors do not differ
from fungiform arbors in terms of size or complexity.

3.3.3. Arbors contact taste-transducing cells on terminal branches with a
variety of anatomical motifs
Arbors likely lack distinctive types because their function is not defined by
their structure but instead by the taste bud taste-transducing cells that they
innervate. Therefore, next I wanted to explore the relationship between taste
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nerve arbors and taste-transducing cells. In order to form a connection with a
taste-transducing cell, a neuron must come sufficiently close to a tastetransducing cell that the two are not distinguished as separate at the light
microscope level forming a contact (T. Huang et al., 2021). Typically synapses
between taste-transducing cells and arbors occur on terminal branches (J. C.
Kinnamon et al., 1988). In order to evaluate if terminal branches are also
primarily the portion of the taste arbor that makes contacts with taste-transducing
cells, I counted the number of contacts on terminal branches and compared this
to the number of contacts elsewhere on the arbor. Most contacts did occur on
terminal branches (Figure 3.3A, C, blue arrow). In some cases, these contacts
extended to include the branch immediately before the terminal branch (Figure
3.3A,C, yellow arrow). There were also some contacts on branches other than
terminal branches (Figure 3.3B,C). Of the 223 contacts between nerve arbors
and taste-transducing cells, 80% occur on terminal branches (Figure 3.3A-C). Of
those that are not on terminal branches, 14% are on branches immediately
preceding a terminal branch with a contact. The remaining 6% are not on
terminal branches or branches immediately preceding terminal branches (Figure
3.3D). I examined 389 terminal branches and found that 178 make contacts
(46%). I compared the lengths of terminal branches that make contacts with
taste-transducing cells to terminal branches that do not make contacts. This
analysis revealed that terminal branches that do make contacts are longer than
those that do not (Mann-Whitney test, U=8864, p<0.0001). I was curious as to
whether certain branches on the tree were more likely to contact taste56

transducing cells than others. I found that primary branches are more likely to
make contacts than not, whereas 4th order terminal branches and higher are
more likely to not make a contact (Chi square 20.67, p=0.0009).
In the CNS, contacts between neurons are associated with anatomical motifs
(e.g. terminal boutons) (Sanes & Lichtman, 1999; Yamagata, Sanes, & Weiner,
2003). Unlike the segment of the nerve outside the taste bud, which is uniform in
thickness, the nerve arbor inside the taste bud forms wide, flattened, or round
enlargements in many locations. Therefore, I wondered whether contacts
between arbors and taste-transducing cells were associated with specific
anatomical motifs. Furthermore, because different types of taste-transducing
cells connect with ganglion neurons differently (synapses vs. channels) (J. C.
Kinnamon et al., 1985; A. Taruno et al., 2013) I hypothesized that anatomical
motifs may differ depending on the type of taste-transducing cell contacted. To
determine whether contacts were associated with specific anatomical motifs, I
examined 76 contacts with Car4+ cells and 78 with PLCb2+ cells. Arbors
displayed several motifs consistently. In some cases, the taste-transducing cell
indented to conform to the fiber (Figure 3.3E, top right panel). In other cases, the
arbor formed a flattened ending that wrapped around a portion of the tastetransducing cell (Figure 3.3E, bottom right panel). The third common motif was
the nerve fiber widening (increased diameter/surface area of the nerve fiber in
cross section), but not flattening around the taste-transducing cell (Figure 3.3E,
top left cross section, Figure 3.3F-G cross sections). Some contacts were not
associated with any anatomical motifs (Figure 3.3H). Some contacts included just
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a single motif (Figure 3.3F-G) whereas others included a combination of a couple
or all motifs (Figure 3.3E).
To determine whether these types of motifs are more prevalent for contacts
with either Car4+ or PLCb2+ cells, I quantified the frequency of each motif.
Car4+ cells indented in 95% of contacts with taste arbors, wrapped around the
Car4+ cell for 71% of contacts, and the arbors widened for most contacts (93%).
Arbors widened for 67% of contacts with PLCb2+ cells but only indented or
wrapped for 35 and 26%, respectively. (Figure 3.3I). Thus, in fungiform taste
buds contacts with Car4+ cells were likely to have more motifs, than contacts
with PLCb2+ cells (Chi Square= 55.03, df= 3, p<0.0001). However, this was not
the case for arbors in circumvallate taste buds, where contacts with PLCb2+ cells
had more motifs than contacts with Car4+ cells (Chi Square= 10.44, df=3,
p=0.0152). Lastly, contacts between fungiform arbors and taste-transducing cells
had more motifs than contacts between circumvallate arbors and tastetransducing cells (Chi square = 64.43, df=3, p<0.0001).
When examining contacts, I initial noticed that some arbors followed along
taste-transducing cells short distances (Figure 3.3F-H) when they make contacts
whereas others follow along the taste-transducing cells for over 25µm (Figure
3.3E). I measured the length of each contact by measuring the distance where
the arbor started following closely along the taste-transducing cell until the arbor
either deviated away from the taste-transducing cell or terminated (Figure 3.3J).
Quantification of the length of these contacts revealed that for fungiform arbors,
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contacts with Car4+ cells are longer than contacts with PLCb2+ cells (MannWhitney U=1441, p<0.0001) (Figure 3.3J). Unlike for fungiform arbors,
circumvallate arbors contacts with Car4+ cells are the same length as with
PLCb2+ cells (Mann-Whitney U=214.5, p=0.7242), so, circumvallate arbors have
shorter contacts with Car4+ cells than fungiform arbors (Mann-Whitney U=447,
p<0.0001). Furthermore, in general long contacts have more motifs that short
contacts (Kruskal-Wallis, p>0.0001). In conclusion, although contacts with both
cell types included anatomical motifs, contacts with Car4+ taste-transducing cells
were longer and involved a larger number of motifs than contacts with PLCβ2+
cells in fungiform, but not circumvallate taste buds.

3.3.4. Large, asymmetrical arbors contact more taste-transducing cells of
multiple types
Taste arbors contact anywhere between 0-7 taste-transducing cells (Chapter
II). I found that arbors vary based on size, complexity, and symmetry (Figure
3.1). If arbor structure is based on neuron type (as is the case with
somatosensory neurons) there ought to be differences in arbors based on the
types of cells contacted. Some arbors contact no cells (7%), some only PLCb2+
or Car4+ cell(s) (65%), and some contact taste-transducing cells of both types
(28%) (Chapter II). Because these different cell types transduce different types of
taste chemicals (Chandrashekar et al., 2009a; T. R. Clapp et al., 2006; Y. Zhang
et al., 2003), arbors contacting each type should be associated with different
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neuron types. Therefore, it is possible that they differ morphologically. To
evaluate this possibility, I plotted the convex hull (size) and branch ends
(complexity) for arbors that contact no cells, arbors that contact only PLCb2+ or
Car4+ cell(s), and arbors that contact both cell types. There was no difference
between arbors contacting only PLCb2+ cells and arbors contacting only Car4+
cells in terms of convex hull (Mann-Whitney U=825, p=0.1312), number of
branch ends (Mann-Whitney U=951.5, p=0.4012), or asymmetry (Mann-Whitney
U=1056, p=0.9887) so these arbors were grouped as arbors contacting only one
cell type. Arbors that contact both types of taste-transducing cells are larger
(Kruskal-Wallis, Dunn’s test, p=0.006) (Figure 3.4C) and more complex (KruskalWallis, Dunn’s test, p=0.0024) (Figure 3.4D) than arbors contacting only one type
of taste-transducing cell.
Since symmetrical arbors are smaller than asymmetrical arbors, I
hypothesized that arbors that contact only one cell type will branch symmetrically
whereas a greater number of arbors that contact both cell types will branch
asymmetrically. To test this hypothesis, I compared the number of asymmetrical
and symmetrical arbors both for arbors that contact one cell type and arbors that
contact both cell types. Consistent with my hypothesis, asymmetrical arbors
preferentially contact both cell types while symmetrical arbors tend to contact a
single cell type (Fisher’s exact test, p=0.0017) (Figure 3.4E).
Since arbors that contact more than one type tend to be large and
asymmetrical, I sought to determine if large asymmetrical arbors would also
contact more cells. Consistently, I found that arbors that contact more cells also
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tend to be larger (Figure 3.4H, Kruskal-Wallis 32.32, p<0.0001). In addition,
unbranched arbors contact fewer cells than symmetrical arbors (Kruskal-Wallis,
Dunn’s correction, p=0.0031) and symmetrical arbors contact fewer tastetransducing cells than asymmetrically branched arbors (Kruskal-Wallis, Dunn’s
correction, p=0.0040). Lastly these large asymmetrical arbors make a higher
proportion of contacts without motifs than symmetrical arbors (Fisher’s exact test,
p=0.0059). In summary, large asymmetric arbors are more complex and contact
more taste-transducing cells of multiple types with contacts that tend to lack
motifs, than small symmetrical arbors.
3.3.5. Taste bud composition does not determine the number and type of
taste-transducing cell(s) an arbor contacts
Although taste bud size does not influence arbor morphology, the number and
relative types of taste-transducing cells in the taste bud could influence the
number and type(s) of cells each arbor contacts. To determine whether this is the
case, I took advantage of the differences between fungiform and circumvallate
taste buds. (L. Meng, L. Ohman-Gault, L. Ma, & R. F. Krimm, 2015a; Ogata &
Ohtubo, 2020; Ohtubo & Yoshii, 2011). First, I quantified the numbers of Car4+
and PLCb2+ cells in 70 fungiform taste buds (Figure 3.5A-D) and 16
circumvallate taste buds (Figure 3.5D) and verified that circumvallate taste buds
contain more Car4+ cells (Mann-Whitney test, U=76.50, p<0.0001) but the same
number of PLCb2+ cells (Mann-Whitney test, U=397.5, p=0.0700) (Figure 3.5AD) as fungiform taste buds. So, the ratio of Car4+ to PLCb2+ cells for

61

circumvallate taste buds is larger than for fungiform taste buds (unpaired t-test,
df=84, p<0.0001) (Figure 3.5E).
Given that there is a higher proportion of Car4+ cells in circumvallate taste
buds, I hypothesized that circumvallate taste buds contain a greater proportion of
arbors that contact both PLCb2+ and Car4+ cells or only Car4+ cells than
fungiform arbors. To test this hypothesis, I determined the number and types of
taste-transducing cells contacted by individual circumvallate arbors (Figure 3.5F).
On average, circumvallate arbors contact 1.5 taste-transducing cells (range = 06) which is not different from fungiform arbors which contact on average 1.87 +/0.13 taste-transducing cells (range = 0-7, Chapter II) (Mann-Whitney U=1693,
p=0.1302). I then compared the proportions of fungiform and circumvallate arbors
that contact PLCb2+ cells only, Car4+ cells only, and both cell types and found
no difference (Chi Square =1.435, p=0.4879) (Figure 3.5G). Although,
circumvallate taste buds have a higher ratio of Car4+ to PLCb2+ tastetransducing cells, circumvallate arbors contact the same proportion of Car4+
only, PLCb2+ only, and both taste-transducing cell types as fungiform arbors.

3.3.6. When geniculate ganglion neurons have more than one arbor, they
are a mixed population of arbor types
Given that arbor structure does not relate to either the type of tastetransducing cells contacted or the size or cellular make-up of the taste bud, I
speculated that differences in arbor structure were likely related to plasticity. If

62

so, I would predict no relationship in arbor size or asymmetry between multiple
arbors from the same neuron. Alternatively, if structure was related to neuron
type, arbor structure should be similar within a neuron. To test this idea, I plotted
the arbor size (convex hull) and asymmetry index for each ganglion neuron that
had 2 or more arbors (n=17 of 21 neurons total) to determine the range of arbor
sizes and asymmetries that belong to individual neurons (Figure 3.6A-B). I
plotted the neurons in order of increasing arbor number (range = 2-8) and found
that arbors belonging to individual neurons vary in size.
Next, since arbor size and asymmetry vary within individual neurons, I
predicted that type of cells contacted would also. I plotted the types of tastetransducing cells contacted for individual geniculate ganglion neurons with 2 or
more arbors (Figure 3.6C). Out of 21 individual ganglion neurons, 17 had more
than one arbor. Of the 17 neurons examined, 13 had a combination of arbors.
Some arbors contact one taste-transducing cell type (either or both arbors that
contact only Car4+ or PLCb2+ cells) and others belonging to the same neurons
contact both taste-transducing cell types. Ganglion neurons innervate taste buds
with arbors varying in size, symmetry, and a combination of arbors that contact
only a single taste-transducing cell type and arbors contacting taste-transducing
cells of both types. I conclude that arbor structure does not vary based on neuron
type but likely represents different stages of plasticity.
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Figure 3.1. Taste arbors vary in size and complexity. (A) Arbors vary in complexity
measured by number of branch ends (indicated by arrows in B-F) and size
measured by arbor length and convex hull (reach within the taste bud). The point
where the arbor enters the taste bud is indicated by the yellow horizontal line (BF). Many taste arbors enter a taste bud and terminate without branching (B)
whereas others branch extensively (F), some having more than nine branch ends
in the taste bud (G). Taste arbors also vary in size according to two measures of
size: arbor length and convex hull (H-I). Arbor length ranged from below 25 µm to
250 µm with most arbors ranging between 25-75 µm (H). Convex hull (a measure
of arbor reach within the taste bud), ranged from less than 10 µm3 to greater than
5000 µm3. Most arbors were below 500 µm3 (I). Arbor complexity and size are
related so that less complex arbors have a narrower reach within the taste bud and
more complex arbors have a broad reach (J). Arbors vary in structure such that
some arbors branch to yield a similar number of branch ends on both sides of the
arbor generated by the first branch point in the taste bud (K, left) whereas others
branch unevenly (K, right) generating different number of branch ends on each
side of the arbor generated by the first branch point. I calculated the asymmetry
index (difference between the number of branch ends on these two sides for each
arbor) (K). For example, the asymmetry index of the arbor on the left in K has an
asymmetry index of 0 whereas the arbor on the right has an asymmetry index of
4. I plotted the convex hull of arbors according to this asymmetry index (L). Arbors
with an asymmetry index of three and greater are larger than arbors with an
asymmetry index of less than three. So, arbors with an asymmetry index of three
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or greater were defined as large asymmetrical arbors and those with an asymmetry
index less than three were defined as small symmetrical arbors (L). Scale bar in
B=5µm. Scale bars in C, D, E=5µm. Scale bar in F=3µm.
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Figure 3.2. Larger arbors do not exist in larger taste buds. Fungiform arbor volume
is not correlated with the size of the taste bud (A). Circumvallate arbors were
visualized in whole circumvallate taste buds (B) and the corresponding taste bud
volume was measured by creating contours of the optical sections of the image
stack (C). Comparison of fungiform and circumvallate volumes revealed that
circumvallate taste buds are larger than fungiform taste buds (B-D).
Reconstruction of circumvallate arbors revealed that circumvallate arbors are not
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larger (E) or more complex (F) than fungiform arbors. Black line in A indicates
linear fit. **** p<0.0001. Scale bar in B =5 µm. Scale bar in C =5 µm.
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Figure 3.3. Most contacts occur on terminal branches and vary in size and
number of motifs. Most contacts were observed on terminal branches (A,C, blue
arrow). Some contacts extend to the non-terminal branches immediately before a
terminal branch with a contact (A,C, yellow arrow). Because this contact is on the
same cell it was quantified as a single contact which occurs in two locations on
the arbor. Infrequently, a non-terminal branch contacts a cell (B-C, teal arrow).
These non-terminal contacts were either the only contact made by the arbor, or
they were contacts with a different cell than the terminal branch. (A-D) Out of 223
branches that make contacts with taste-transducing cells, 178 (79.8%) occur on
terminal branches (blue in A,C,D), 31 (13.9%) extend to the branch immediately
before the terminal branch with a contact (yellow in A,C,D), and 14 (6.3%%)
occur on non-terminal branches (teal in B-D). For these representative images,
individual taste-transducing cells and arbor branches have been segmented and
all other fluorescence removed to visualize the contact (E-H). Places where
arbors make contacts with taste-transducing cells are illustrated in images
including the whole taste-transducing cell and the branch making the contact (EH, left). White horizontal lines in each whole cell image, indicate the place(s)
where anatomical motifs occur which are subsequently illustrated in the
accompanying cross sections to the right of the whole cell images. I consistently
observed three anatomical motifs. In some cases, the taste-transducing cell
indents to accommodate the arbor (E, arrowhead in top cross section). In other
instances, the arbor wraps around part of the taste-transducing cell forming a
flattened motif (E, arrowhead in bottom cross section). In the third anatomical
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motif, the arbor widens (cross sectional area of arbor increases) (E, arrowhead in
top left cross section; F-G arrowheads in cross sections). Some arbors make
contacts without any motifs (H). The number of each contact with and without
each motif differ across the following groups: FF contacts with Car4+ cells, FF
contacts with PLCb2+ cells, CV contacts with Car4+ cells, CV contacts with
PLCb2+ cells (Figure 3.3I). Contacts across these four groups differ in the
percentage of contacts that indent (Chi Square = 71.81, df=3, p<0.0001), where
the arbor wraps the cell (Chi Square = 39.05, df=3, p<0.0001), and where the
arbor widens (Chi Square = 104.8, df=3, p<0.0001) (Figure 3.3I). Arbors follow
along both Car4+ and PLCβ2+ taste-transducing cells for long (E) or short
distances (F, H). These lengths were measured by taking the distance between
where the arbor begins to travel close to the cell until its path diverges or the
arbor terminates (J). Contacts with Car4+ cells are longer than contacts with
PLCb2+ cells for fungiform arbors but not for circumvallate arbors (J). ****
p<0.0001. ** p<0.0013 and * p=0.0475. **** p<0.0001. Scale bar in A = 2 µm.
Scale bar in B = 5 µm. Scale bar in images with entire taste-transducing cell = 5
µm, scale bar in taste-transducing cell cross sections = 2 µm.
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Figure 3.4. Arbors contacting taste-transducing cells of multiple types are larger,
more complex, and asymmetric. Representative image of an arbor contacting two
taste-transducing cells of the same type (A) and an arbor contacting both tastetransducing cell types (2 Car4+ and 3 PLCβ2+ cells) (B). Arbors that contact both
cell types are larger (**p=0.006)(C) and more complex (**p = 0.0024)(D) than
arbors that contact one cell type. (E) Arbors that contact both cell types are also
more likely to be asymmetrical than arbors that contact one taste-transducing cell
type. Smaller arbors contact fewer taste-transducing cells; The arbor in F contacts
a single taste-transducing cell and is 629 µm3 in volume whereas the arbor in G
contacts three taste-transducing cells and is 7908 µm3. As the size of the arbor
increases, arbors contact more taste-transducing cells (H). Some arbors do not
branch in the taste bud (F) whereas others branch extensively (G). Large
asymmetrical arbors contact a larger number of taste-transducing cells than
symmetrical arbors (**p=0.0040) (I). Small symmetrical arbors contact a larger
number of taste-transducing cells than unbranched arbors (**p=0.0031) (I). Scale
bar in A =7 µm. Scale bar in B =5 µm. Scale bar in F =5 µm and applies to G.
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Figure 3.5. Taste bud composition does not influence types of cells contacted
across regions. Quantification of Car4+ and PLCβ2+ taste-transducing cell
numbers was determined by identifying the nuclei of Car4+ (indicated by +) and
PLCβ2+ (indicated by *) taste-transducing cells in the cross sections B-C, to
ensure each cell was counted once (A-C) for both fungiform and circumvallate
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taste buds. Absolute numbers of Car4+ and PLCβ2+ cells were quantified for
each fungiform and circumvallate taste bud (D). The ratio of Car4+ to PLCβ2+
cells larger for fungiform than circumvallate taste buds (E). (F) The number of
taste-transducing cells contacted by each circumvallate arbor was quantified. For
example, this arbor contacts one Car4+ taste-transducing cell. Proportions of
arbors that contact PLCβ2+ cells only, Car4+ cells only, and both cell types do
not differ between fungiform and circumvallate taste buds (G).
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Figure 3.6. Most individual ganglion neurons have a combination of arbors
based on size and cells contacted. Arbor sizes (convex hull) for individual
neurons vary for most neurons (A). The arbors for some individual neurons vary
considerably in size, while all the arbors for other neurons are all small. Arbors of
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individual ganglion neurons also vary in asymmetry index (B). There is no
relationship in the amount of variation in either size or asymmetry with the
number of arbors a neuron contains. Similarly, the type of taste-transducing cell
contacted was plotted across individual neurons (C). Of the 17 neurons with 2 or
more arbors, 13 neurons had a combination of arbors contacting both tastetransducing cell types and Car4+ cells only or PLCβ2+ cells only (C). Neurons
are aligned vertically so that the left most neuron across A-C is the same etc.
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3.4.

Discussion:

Taste arbors (the portion of the taste ganglion neuron that innervates the
taste bud) vary in morphology. In this study I set out to determine if arbors have
categories of unique morphologies. I found that arbors vary along a continuum of
size and complexity in such a way that they could not be divided into stereotyped
categories of arbors which would have been expected if arbor morphology
reflected neuron types. However, I was able to divide them into the loose
categories of unbranched, small symmetrically branched and large
asymmetrically branched. Consistently, large, asymmetrical arbors contacted a
larger number of taste-transducing cells than small symmetrical arbors and
unbranched arbors. Large asymmetrical arbors were also likely to contact more
cells of multiple types without anatomical motifs. Lastly, individual taste ganglion
neurons had large asymmetrically branched arbors, small symmetrically
branched arbors, and unbranched arbors, indicating that these features have
nothing to do with neuron type. Lastly, the features of individual arbors are not
regulated by taste bud size or the cell type composition of the taste bud.
Small, symmetrical arbors differ from large, asymmetrical arbors in the
number of taste-transducing cells contacted. The disadvantage of light level
analysis is that I am unable to determine whether these contacts represent
structural connections. Contacts include all connections, plus any instances
where the arbor nears a taste-transducing cell without forming a connection.
Electron microscopy studies of circumvallate arbors have demonstrated that
circumvallate arbors synapse with 1.6 taste-transducing cells (J. C. Kinnamon et
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al., 1988; Wilson et al., 2021), which is surprisingly similar to the 1.6 tastetransducing cells that light level contacts. Similarly, fungiform arbors contacted
1.87+/- 0.13 taste-transducing cells. However, large asymmetrical arbors
contacted a median number of three taste-transducing cells, whereas small,
symmetrical arbors contact a median number of one taste-transducing cell.
Based on this finding I might speculate that large asymmetrical arbors have a
larger percentage of contacts that lack a connection. Consistently, synapses with
taste-transducing cells often occur on terminal branches (J. C. Kinnamon et al.,
1988), and so do most light level contacts. However, the majority of contacts that
do not occur on terminal branches are made by large, asymmetrical arbors. Also,
unlike simple arbors, large asymmetrical arbors frequently contact multiple cell
types, while synaptic connections between arbors and taste-transducing cells
only rarely occur on more than one cell type (Wilson et al., 2021).
I explored several variables within the taste system that may account for the
differences in arbor morphology. While taste bud size and taste-transducing cell
type makeup differs between taste buds, neither of these were related to arbor
size, complexity, or contacts. Taste buds vary in size both within and across taste
regions (L. Ohman-Gault et al., 2017; Ohtubo & Yoshii, 2011), so one possibility
was that arbors grow to match the size of the taste bud. Surprisingly, although
circumvallate taste buds are larger than fungiform taste buds, circumvallate and
fungiform arbors do not differ in size or complexity. Circumvallate taste buds also
have a higher ratio of Car4+ to PLCβ2+ taste-transducing cells but these
differences did not result in a higher proportion of arbors contacting only Car4+ or
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both Car4+ and PLCβ2+ cells. Neither the taste bud size nor taste-transducing
cell makeup influence arbor morphology or arbor contacts.
In addition to being unaffected by the taste bud, arbor morphology does not
appear to vary across neuron type. Neurons can be divided into types based on
a combination of features (i.e. function, morphology, and genetic expression)
(Masland, 2004; Zeng & Sanes, 2017). The terminal endings that belong to types
of peripheral somatosensory neurons have a similar morphology. For example,
neurons that have lanceolate endings will exclusively have other lanceolate
endings. Given that the response properties of taste neurons are determined by
the type of taste-transducing cell it connects with, I would expect neurons with
distinct functions, responding to sour (Car4+ taste-transducing cells) and
sweet/bitter/umami (PLCβ2+ taste-transducing cells) to have distinct arbor
morphologies. Many arbors contact only one taste-transducing cell type - either
Car4+ or PLCβ2+. Arbor size, complexity, and symmetry for arbors contacting
only Car4+ or PLCβ2+ taste-transducing cells were not different. Examination of
the arbors belonging to individual ganglion neurons also support this notion,
since all ganglion neurons with multiple arbors have arbors differing in size and
symmetry. Together, these data demonstrate that taste arbor morphology does
not reflect neuron types.
One feature of the peripheral taste system that likely influences arbor
morphology is taste-transducing cell turnover. Taste-transducing cells
continuously turn over throughout adulthood necessitating arbors undergo
morphological plasticity, however, the extent of this plasticity remains unknown.
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One possibility is that a new differentiating taste-transducing cell migrates into
the vacated space created by the recently apoptotic taste-transducing cell; this
process would require minor morphological plasticity for the arbor. Alternatively,
arbors may be required to undergo significant structural changes in response to
cell turnover. For example, the arbor may need to undergo retraction of the
branch that contacted an apoptotic cell, undergo morphological plasticity in
search for a new compatible taste-transducing cell to connect with, and then to
form a connection. Some molecular components of this process have been
identified (Lee et al., 2017; L. Meng et al., 2015a) but the extent of morphological
plasticity remains unknown.
My results are consistent with a plasticity paradigm that requires structural
changes by the arbor. The static images collected in this study represent
snapshots in time stages of this dynamic environment within the taste bud as well
as arbors that are not undergoing plasticity. So, the variation in morphology could
represent different stages of plasticity. During development, arbors that are
searching for a compatible synaptic partner increase in the number of branches
and size, and then undergo refinement (Purves & Lichtman, 1980; Sanes &
Lichtman, 1999). Consistent with this developmental paradigm, I have large,
complex, asymmetric arbors and smaller, more simple symmetric arbors. Also
consistent with this paradigm large asymmetrical arbors likely have a larger
number of light level contacts that do not represent a connection compared with
small symmetrical and unbranched arbors. These arbors may be actively
searching for a synaptic partner and contacting many cells to determine
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molecular compatibility, then refining by eliminating contacts and reducing in size
once the correct partners have been identified.
I propose that arbors typically exist in a relatively simple state while
connected to 1-2 taste-transducing cells (Figure 3.7, Step 1). When a connected
taste-transducing cell undergoes apoptosis (Figure 3.7, Step 2), the arbor likely
retracts and the branch temporarily becoming simpler (Figure 3.7, Step 3). To
identify a new taste-transducing cell, the arbor will then undergoes sprouting to
temporarily become larger, and more complex (Figure 3.7, Steps 4). These large,
asymmetrical arbors then contact more taste-transducing cells or multiple types.
which allows them to determine if they are molecularly compatible (Figure 3.7).
Future examination of plasticity related changes in arbor morphology can
experimentally test this paradigm and determine the factors regulating these
morphological stages enriching our understanding of the mechanisms by which
taste neurons form new connections in adulthood.

Figure 3.7. Diagram describing how branching features may reflect arbor
plasticity in response to taste-transducing cell turnover. One possibility is that
arbors exist in a stable state when they are connected to taste-transducing cells
(Step 1). Once a taste-transducing cell undergoes apoptosis (Step 2), the arbor
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connected to that cell may retract (Step 3). To search for a new synaptic partner,
the arbor may undergo sprouting – extending branches more broadly through the
taste bud to identify a new synaptic partner (Step 4)
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CHAPTER IV

NEURON TYPE INFLUENCES ARBOR MORPHOLOGY AND CONTACTS

4.1 Introduction
Chemical information in the oral cavity is transduced by epithelial derived
sensory cells (taste-transducing cells). Transducing cells have been divided into
types based on their responses to taste stimuli (Chandrashekar et al., 2009a; Y.
Zhang et al., 2003), molecular expression (T. R. Clapp et al., 2006; Tod R. Clapp
et al., 2004), and how they connect with taste neurons (J. C. Kinnamon et al.,
1985; A. Taruno et al., 2013; Ruibiao Yang et al., 2000). These cells
communicate taste information to taste neurons which send this information to
the brainstem. Taste neurons have long been divided into types based solely on
physiological response properties (Spector & Travers, 2005; David A.
Yarmolinsky et al., 2009) because information regarding molecular expression
(G. Dvoryanchikov et al., 2017; J. Zhang et al., 2019) and peripheral anatomy
and innervation (T. Huang et al., 2021) has been elusive until recently. One type
of taste neuron uniquely expresses preproenkephalin (Penk) and responds
almost exclusively to sour (J. Zhang et al., 2019). This is the first molecularly (G.
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Dvoryanchikov et al., 2017) and physiologically (J. Zhang et al., 2019) defined
type of taste neurons, but the anatomy and peripheral innervation of these
neurons remain unexplored.
Although taste neurons vary in morphology, it is unclear what factors control
these differences. Our analysis of the morphology and contacts of arbors from
the full taste neuron population indicated that arbor morphology is largely
dictated by plasticity (Chapter II). However, it remains a possibility that portions
of the peripheral axon of taste neurons may reflect the intrinsic features of a
neuron type. For example, some neurons in the dorsal root ganglion terminate
around hair follicles with lanceolate endings whereas others have circumferential
endings (Abraira & Ginty, 2013). Similarly, it is possible that a type of taste
neuron could influence the morphology of its peripheral arbors (the portion of the
taste neuron that innervates the taste bud). Taste arbors from the whole
population vary significantly in both size and complexity (Chapter III), and PenktdTomato+ neurons may comprise a subset/s of these morphologies.
It is likely that identifying the intrinsic influence on peripheral anatomy of taste
neuron types will be more difficult than for neurons in the skin due to peripheral
plasticity. Taste-transducing cells constantly turn over throughout adulthood
(Lloyd M. Beidler & Ronald L. Smallman, 1965; Rona J. Delay et al., 1986;
Hamamichi et al., 2006) which may require taste arbors to undergo substantial
morphological plasticity to retract branches and undergo sprouting to identify and
connect with a new compatible taste-transducing cell. Therefore, the structure of
taste neuron arbors may vary more because of plasticity than neuron type.
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Comparing the morphology of Penk arbors with arbors from the full population of
taste neurons will permit us to distinguish features related to neuron type from
those related to plasticity.
In addition to showing variation in morphology, taste arbors differ based on
the type of taste-transducing cell they contact (Chapter III). Some arbors contact
only sour or sweet/bitter/umami cells whereas others contact both types. Given
that functional properties of taste neurons presumably arise from the type(s) of
taste-transducing cells innervated, it is reasonable to predict the pattern of
innervation of a molecularly and physiologically defined taste neuron type.
Because Penk+ neurons respond primarily to sour (J. Zhang et al., 2019), many
Penk+ arbors likely contact exclusively sour taste-transducing cells and a few will
innervate both sour and sweet/bitter/umami taste-transducing cells.
Our lab recently developed approaches to look at both the anatomy and
innervation pattern of individual neural arbors (portion of the neuron within the
taste bud/s). In the present study, I provide a characterization of branching and
contacts for arbors of the first molecularly and physiologically described taste
neuron type (G. Dvoryanchikov et al., 2017; J. Zhang et al., 2019). I found PenktdTomato+ taste arbor morphology varies in size and complexity such that it
doesn’t display a discrete set of features however, more Penk-tdTomato+ arbors
contact one taste transducing cell of each type and are symmetrical compared to
the full population. Thus, morphological and contact features are influenced by
neuron type. Surprisingly, I found that a higher proportion of Penk-tdTomato+
arbors innervate both sour- and sweet/bitter/umami- transducing cells than the
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full population. This innervation profile implies that Penk+ neurons will respond to
sour and some combination of sweet/bitter/umami stimuli which can be tested in
future studies.

4.2 Materials and methods
4.2.1 Animals
To genetically label a random subset of taste neurons, I crossed TrkBCreER
mice (Ntrk2tm3.1(cre/ERT2)Ddg; https://www.jax.org/; ISMR cata- log
#JAX:027214, RRID:IMSR_JAX:027214) with Cre-dependent tdTomato mice
(Rutlin et al., 2014; https:// www.jax.org/; RRID: IMSR_JAX:007914) to obtain
TrkBCreER:tdTomato mice. To label all Penk+ neurons in the oral cavity I bred
Penktm2(Cre)Hze mice (RRID:IMSR_JAX:025112) with the same tdTomato as
described above. In these mice, there is extensive labeling in the tongue. To limit
labeling to taste neurons expressing Penk, I bred the Penktm2(Cre)Hze mice
with Gt(ROSA)26Sortm65.1(CAG-tdTomato)Hze mice (Ai65; Jax#021875). In
these mice, tdTomato is both Cre- and Flpo-dependent. Then these mice were
bred with mice containing a Phox2b-Flpo3276Grds/J (Phox2b-Flpo, Jax#022407)
construct. These mice are henceforth referred to as Penk-tdTomato. To label
single taste neurons expressing Penk, either Penktm1.1(Cre/ERT2)Hze mice
(PenkCreER Jax: 022862) with Gt(ROSA)26Sortm65.1(CAG-tdTomato)Hze mice
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(Ai65; Jax#021875). As described above, in these mice, tdTomato is both Creand Flpo-dependent so these mice were then bred with the same Phox2b-Flpo to
limit gene expression to taste neurons.
Animals were cared for and used in accordance with guidelines of the U.S.
Public Health Service Policy on Humane Care and Use of Laboratory Animals
and NIH Guide for the Care and Use of Laboratory Animals.

4.2.2 Tamoxifen Injections
Tamoxifen (T-5648, Sigma, St. Louis, MO) was dissolved in corn oil (C-8267,
Sigma, St. Louis, MO) at 20 mg/ml by shaking and heating at 42°C and injected
at P40 by intragastric gavage. Penk-tdTomato+ animals received 3.5-4.0mg for
5-10 days.

4.2.3 Tongue virus injections
Tongues of Penk-Cre-Ai65 mice were injected with AAV1-hSyn-FlpO virus
which was prepared as described previously (Kuehn et al., 2019). Animals
received 100nl-1000nl injections (titre = 2.432e13 GC/ml, UPenn Vector Core)
under the tongue epithelium.

4.2.4 Fluorescent anterograde labeling
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The procedures used to label the chorda tympani with fluorescent tracers
were previously described (Sun et al., 2015). Briefly, adult Phox2bflpo:PenkCreER: tdTomato mice, which had been given 4.0 mg tamoxifen via
gavage for three weeks, were anesthetized and placed in the head holder as
described above. A water-circulating heating pad was used to maintain body
temperature. The chorda tympani nerves within the right tympanic bulla were cut
near and peripheral to the geniculate ganglion, and crystals of 3-kDa fluorescein
dextran (D3306; Invitrogen) were applied to the proximal cut end of the chorda
tympani. A small amount of Kwik-Sil (World Precision Instruments) was then
placed over the cut ends of the nerves to prevent crystals from diffusing from the
intended labeling site. Postsurgical treatment was the same as described above.
After 24 h, mice were euthanized and perfused with 4% PFA. The geniculate
ganglia were dissected and immediately mounted and imaged by confocal
microscopy.

4.2.5 Immunohistochemistry
Penk-tdTomato, PenkCreER::tdTomato, and virus injected PenkCre-Ai65 mice
were killed by avertin overdose (4 mg/kg) and perfused transcardially with 4%
PFA. A razor blade was used to remove the circumvallate papilla; the tongues
were then carefully split down the midline with a razor blade under a dissection
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microscope. Dissected tissues were postfixed in 4% PFA overnight and
transferred to 30% sucrose at 4°C overnight. Then tongues were frozen in OCT
and stored at 80°C before sectioning on a cryostat or processing for whole-mount
staining (Ohman & Krimm, 2021).
Geniculate ganglia from Penk-tdTomato mice were rinsed in 0.1M PB and
incubated in blocking solution (3% donkey serum, 0.5% Triton X-100 in 0.1 M
PB) at 4°C overnight and then incubated for 4d at 4°C with primary antibodies
Goat anti-Phox2b (1:200, R and D Systems Cat# AF4940, RRID:AB_10889846)
and rabbit anti-DsRed (1:500; RRID:AB_10013483; Living Colors DsRed
polyclonal; Takara Bio USA in antibody solution (0.5% Triton X-100 in 0.1 M PB).
Tissues were rinsed four times for 15 min each with 0.1 M PB, incubated with
secondary antibodies Donkey-anti-Goat 488 (1:200, Jackson ImmunoResearch
Labs Cat# 705-545-147, RRID:AB_2336933) in antibody solution for 2d at 4°C.
Tissues were then rinsed again, mounted with Fluoromount-G, and coverslipped
(high precision, 0107242; Marienfeld).
Half tongues were sectioned in 70mm sagittal from the midline to lateral edge.
Whole mounts of the lingual epithelium was prepared as described previously
(Ohman & Krimm, 2021). Briefly, the lingual epithelium of half tongues was first
separated from the underlying musculature using dissection scissors under a
dissection microscope. Once most musculature was removed, and only a
minimal, even layer of musculature/lamina propria remained on the underside of
the epithelium, the epithelium was cut separated into three pieces using
dissection scissors. In preparation for removing any remaining
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musculature/lamina propria using the cryostat, occasionally small cuts were
made to facilitate laying the epithelium flat in a tissue mold (muscle side down).
The epithelium was covered in OCT and frozen. Thin sections (20mm) were
removed and examined under the fluorescent microscope to assess the proximity
to the underside of the epithelium to ensure as much underlying tissue is
removed to ensure antibody penetration but to not remove any taste buds. A
detailed description of this procedure is available in Appendix 2. The isolated
lingual epithelium was then thawed and washed for 15 min (three times) in 0.1 M
PB. Tissues were then incubated in blocking solution (3% donkey serum, 0.5%
Triton X-100 in 0.1 M PB) at 4°C overnight and then incubated for 5d at 4°C with
primary antibodies [phospholipase Cb -2 (PLCb2); 1:500, RRID:AB_2630573;
Santa Cruz Biotechnology] in antibody solution (0.5% Triton X-100 in 0.1 M PB).
Tissues were rinsed four times for 15 min each with 0.1 M PB, incubated with
secondary antibodies (1:500, Alexa Fluor 488 AffiniPure, RRID: AB_2340619;
Jackson ImmunoResearch), rinsed again (four times for 15 min each with 0.1 M
PB), and then incubated with 5% normal rabbit serum in antibody solution.
Tissues were then rinsed and incubated with AffiniPure Fab fragment donkey
anti-rabbit IgG (20 mg/ml, RRID:AB_ 2340587; Jackson ImmunoResearch) in
antibody solution, rinsed, and incubated with Zenon Alexa Fluor 555 rabbit IgG
labeling kit [according to the instructions for Zenon complex formation (Z25305;
Invitrogen)] using anti-DsRed (1:500; RRID:AB_10013483; Living Colors DsRed
polyclonal; Takara Bio USA). Tissues were rinsed, incubated for 5 d at 4°C with
carbonic anhydrase 4 (Car4) primary antibody (1:500, RRID:AB_10013483; R&D
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Systems), rinsed, and then incubated with secondary antibodies (1:500, Alexa
Fluor 647 AffiniPure, RRID:AB_2340438). Tissues were then rinsed again,
mounted with Fluoromount-G, and coverslipped (high precision, 0107242;
Marienfeld). In cases where all primary antibodies are from different species, all
primaries (rat anti-Troma-1 and rabbit anti-dsRed) were added in the first primary
antibody incubation and all secondaries (donkey anti-rat 488 (1:500, Alexa Fluor
488 AffiniPure, RRID: AB_2340684; Jackson ImmunoResearch) and donkey
anti-rabbit 555 were added during the first secondary incubation. Then the
tissues were rinsed and mounted as described above.

4.2.6 Confocal Imaging
Taste bud images were obtained using an Olympus Fluoview FV1000
confocal laser-scanning microscope with a 60 NA1.4 lens objective using a zoom
of 3, Kalman 2. Image sizes were initially set at 1024 x 1024 pixels but were
cropped to the size of the taste bud to reduce scanning time and bleaching.
Serial optical sections at intervals of 0.47mm in the Z dimension were captured,
which is the optimal size at 60x magnification for 3D reconstruction. All colors
were imaged sequentially in separate channels to avoid bleed through. Image
stacks were then deconvolved using AutoQuant X3 software (Media Cybernetics)
to reduce out-of-focus florescence and improve image quality.

4.2.7 Experimental design and statistical analysis
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4.2.7.1

Quantification of innervated taste buds

Thick (70mm) sagittal floating sections of Penk-tdTomato tongues were cut
on the cryostat. Sections were stained with Troma1 (Keratin-8) and dsRed as
described above. Sections were mounted and all taste buds were examined at
20x under the fluorescent microscope to determine the number of fungiform taste
buds that were innervated by tdTomato+ arbors and the number that were not.

4.2.7.2

Quantification of Car4+ cells and Penk-tdTomato+ arbors in all
fungiform taste buds

All fungiform taste buds in Penk-tdTomato half tongues were examined
systematically under the confocal microscope using a 60x objective. Each taste
bud was examined using Fluoview software to determine the number of Car4+
cells and the number of tdTomato+ arbors entering each taste bud. Although in
some cases it was clear how many tdTomato+ arbors innervated certain taste
buds only based on observation using the objectives, it was necessary to use the
Fluoview software to determine the number of Car4+ cells using the 633 laser so
the number of arbors were always confirmed.

4.2.8 Image analysis
This image analysis workflow includes reconstructing taste arbors using
Neurolucida and determining the proximity of arbors to taste-transducing cells in
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Imaris. A detailed explanation of these methods has been provided previously (T.
Huang et al., 2021; Ohman & Krimm, 2021). Briefly, arbors were reconstructed in
Neurolucida 360 starting at the base of the taste bud. Once the reconstruction
was complete, it was exported to Neurolucida Explorer to obtain quantitative
measurements of arbor features. To obtain contact information for the same
arbors, the deconvoluted image stacks were imported into Imaris. Contacts were
determined using a distance transformation algorithm that calculates the distance
between an object and any/all points in a defined 3D space. This was
accomplished using automated thresholding, which identified the surface of
labeled objects (cells and nerve arbors) and then determined the distance
between them in voxel increments. To display the relationship between a single
arbor and labeled taste bud cell, individual taste-transducing cells and arbors
were segmented in Imaris, and the fluorescent channel was only duplicated
within the selected region. Segmentation was completed after analysis for
illustrative purposes only.

4.2.9 Data analysis
Eleven anatomical measurements were recorded for each arbor: arbor length
(µm), primary branch length (µm), branch ends, highest branch order, 3D convex
hull (µm3), XY convex hull (µm2), arbor height (µm), percent of arbor length
composed of terminal branches, percent of arbor length composed of primary
branch length, total length of all terminal branches (µm), and average branch
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length (µm). These data were not normally distributed so differences across
multiple groups were compared using a Kruskal-Wallis test, while two groups were
compared using a Mann-Whitney test. For Kruskal-Wallis tests, first I determined
if there was a difference within the dataset. If so, I limited the number of multiple
comparisons by comparing a limited number of factors relevant to the study. The
p value(s) for these specific comparisons were reported. The alpha level was set
at p=0.05, and actual p values are reported. However, when more than one
comparison was made for a measure, a Dunn’s correction was used to adjust the
alpha level. Because most of our measures were not normally distributed,
Spearman correlations were used to analyze the relationship between variables.
A Chi Square was used to compare categorical distributions and the alpha level
was set at p=0.05. Actual p values are reported.
4.3 Results
4.3.1 Penk-tdTomato expression is limited to a subset of taste neurons
that innervate the tongue and palate
Penk expression identifies a subset of taste neurons in the geniculate
ganglion (G. Dvoryanchikov et al., 2017; J. Zhang et al., 2019). To characterize
the peripheral anatomy of this neuron subset, I needed a transgenic animal that
would give me genetic access to this neuron population. I first examined sections
of the tongue from a PenkCre mouse bred with a Cre-dependent reporter line
(Ai14) and determined that Penk expression is not unique to taste neurons in the
tongue but was also expressed in many non-neural cells (Figure 4.1A).
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Therefore, to limit tdTomato to taste neurons I utilized intersectional genetics
(Madisen et al., 2015). So, I took advantage of recent findings that Phox2b
expression is specific to taste neurons innervating the tongue (L. Ohman-Gault et
al., 2017) and bred a mouse with a Phox2b-flpo transgene with PenkCre and mice
in which tdTomato is both flpo and Cre dependent (henceforth referred to as
Penk-tdTomato). In these mice tdTomato was mostly limited to a subset of
neurons innervating the tongue (Figure 4.1B). To determine if tdTomato
expression in these mice was limited to a subset of taste neurons as predicted
from the literature (G. Dvoryanchikov et al., 2017), I quantified tdTomato+ taste
neurons (Phox2b+) in the geniculate ganglion (Figure 4.1C-G) of Penk-Tomato
mice. This quantification revealed that 16% of all taste neurons are tdTomato+
and all the non-taste neurons (Phox2b-) in the geniculate ganglion were
tdTomato- confirming that Penk expression is limited to a subset of taste neurons
and, thus, gives me genetic access to this population.
Taste neurons in the geniculate ganglion innervate taste buds in the tongue
via the chorda tympani nerve, or the soft palate via the greater superficial
petrosal nerve. So, I wanted to know if Penk+ neurons innervated both the
tongue and the palate or only one of these regions. To determine how many
neurons innervate the tongue compared with the palate, I used a chorda tympani
nerve label to specifically label neurons innervating the tongue (Figure 4.2). Of
the Penk+ taste neurons, 37% go to the tongue and 63% go to the palate (Figure
4.2A-E) Therefore, genetically defined subpopulations do not necessarily
exclusively innervate the tongue or the palate but can innervate both regions. I
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was then curious whether the taste system was organized such that each taste
bud was innervated by neurons of every genetically defined type (G.
Dvoryanchikov et al., 2017; J. Zhang et al., 2019). To address this question, I
quantified the number of taste buds in the front of the tongue that had Penk+
arbors (Figure 4.2F-G). Of the 189 taste buds quantified in 3 mice, a total of 117,
which is 61% had Penk+ arbors. Therefore, not all taste buds are innervated by
every genetically defined neuron type.

4.3.2 Penk+ arbors innervate taste buds with and without sour tastetransducing cells
Sour is transduced by cells that express Car4 (Chandrashekar et al., 2009a)
and not by cells expressing PLCb2 (T. R. Clapp et al., 2006). The number of
Car4+ cells in a fungiform taste bud varies from 0-6 (Chapter III) and contain an
average of 2.8 cells per taste bud (Chapter III, (L. Meng et al., 2015a; Ohtubo &
Yoshii, 2011)). Given that Penk+ neurons respond primarily to sour (J. Zhang et
al., 2019), I hypothesized that these neurons would preferentially innervate taste
buds with Car4+ cells. I quantified the Penk+ arbors from all taste buds in whole
mount preparations on tongue halves from Penk-tdTomato mice in which taste
buds were stained for Car4 and PLCb2 (Figure 4.3A-C, (Ohman & Krimm, 2021))
. Consistent with our finding from sections, 60% of the taste buds are innervated
by Penk+ arbors (Figure 4.3A). Because both number of Car4+ cells and number
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of Penk+ nerve arbors vary across taste buds, I speculated that these two
variables would be correlated. Instead, I found that there was no correlation
between the number of Car4+ cells in a taste bud and the number of arbors
entering the taste bud (Figure 4.3F, r=0.038, p=0.66). Surprisingly, the taste buds
innervated by Penk+ arbors included both taste buds with and without sour
(Car4+) cells so that only 59% of taste buds with Car4+ cells were innervated by
Penk+ arbors and 41% of taste buds with Car4+ cells are not innervated by
Penk+ arbors (Figure 4.3D,G). Taste buds without Car4+ cells were also
innervated by Penk+ arbors (62%) (Figure 4.3E,G). Contrary to my hypotheses,
Penk+ arbors innervate taste buds lacking sour cells and the number of Penk+
arbors innervating a taste bud were not correlated.

4.3.3 Penk+ arbors are not obviously morphologically distinct from the full
population
It is possible that morphological features of the terminal endings, or arbors, of
Penk+ taste neurons represent only a subset of the full population. Features of
arbors that vary within the Penk+ population likely reflect plasticity whereas
features that distinguish Penk+ arbors when compared to the whole population of
taste neurons relate to neuron type. I compared measures related to the
complexity and size of Penk+ arbors (Figure 4.4A) and compared them with the
full population of taste arbors (Figure 4.4). Most taste neurons express TrkB (T.
Huang & Krimm, 2010; Rios-Pilier & Krimm, 2019). Visual examination of TrkB+
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(full population) compared with Penk+ arbors did not reveal any obvious
anatomical differences (Figure 4.4B-C) in branch ends (Figure 4.4D, MannWhitney U=3080, p=2782), arbor length (Figure 4.4E, Mann-Whitney U=3025,
p=0.2171), or convex hull (Figure 4.4F, Mann-Whitney U=2972, p=0.3173).
Unlike some somatosensory neurons, taste neuron types cannot be readily
classified based on the morphology of their terminal endings (i.e. arbors).
For arbors that branch within the taste bud, I have shown that arbors vary in
how those branch ends are divided between the two halves of the arbor (Chapter
II, Figure 5A). Some taste arbors enter the taste bud and terminate without
branching (“unbranched”, Figure 4.5A). Arbors that do branch within the taste
bud can be divided based on the difference in number of branch ends on each
half of the arbor after the first branch point (Figure 4.5A). Arbors that have a
difference of 0-2 branch ends were described as symmetrical (Chapter III, Figure
4.5A,B) whereas arbors that have a difference >2 were described as
asymmetrical (Chapter III, Figure 4.5A,C). These divisions may be related to
stages of plasticity. To test this hypothesis, I determined if Penk+ arbors had the
same proportion of asymmetrical and symmetrical arbors as the full population. I
found a greater proportion of symmetrical arbors in the the Penk+ population as
compared to the full population (Chi-Square= 8.546, p=0.0139) (Figure 5C,D).
For both Penk+ arbors and arbors from the full population, unbranched arbors in
both groups are the smallest arbors (Figure 4.5E). I previously demonstrated that
within the TrkB-tdTomato population asymmetrical arbors are larger than
symmetrical arbors (Chapter III). Given the small number of asymmetrical arbors
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in the Penk+ group, I was unable to perform the same comparison of the sizes of
symmetrical and asymmetrical Penk+ arbors. Comparing the size of symmetrical
Penk+ arbors with symmetrical arbors from the full population revealed that
symmetrical Penk+ arbors are larger than symmetrical arbors from the TrkBtdTomato (Kruskal-Wallis, Dunn’s correction, p=0.0407) (Figure 4.5E).
Symmetrical Penk+ arbors are smaller than asymmetrical arbors from the full
population (Kruskal-Wallis, Dunn’s correction, p=0.0430) (Figure 4.5E). Although
Penk+ arbors are not readily distinguishable from arbors from the full population
based on measures of complexity and size, they have more large symmetrical
arbors, which are rarely seen in the full population, suggesting that this feature is
characteristic of this neuron type.

4.3.4 Penk+ arbors contact both Car4+ and PLCb2+ taste-transducing cells
In order for neurons to form a synapse or synaptic-like connection with a
taste-transducing cell, it must come sufficiently close such that two cells
essentially overlap at the light level; I call these contacts (T. Huang et al., 2021).
Although nerve arbors and taste-transducing cells could come in contact for
several different reasons, I would still speculate that the patterns of these
contacts would be different for a specific neuron type than for the full population
of neurons. Specifically, because Penk+ taste neurons were found to respond
primarily to sour (J. Zhang et al., 2019), I hypothesized Penk+ arbors would
contact a greater number of Car4+ (sour) taste-transducing cells and fewer
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PLCb2+ (sweet/bitter/umami) taste-transducing cells per arbor than the full
population. Contrary to my hypothesis, there is no difference in the median
number of Car4+ (Mann-Whitney, U=1511, p=0.7905) (Figure 4.6A) or PLCb2+
(Mann-Whitney, U=1232, p=0.2365) (Figure 4.6B) taste-transducing cells
contacted per arbor when comparing arbors from the Penk+ arbors with arbors
from the full population. Although the number of cells contacted per arbor did not
differ between Penk+ arbors and the full population, symmetrical Penk+ arbors
contacted more taste-transducing cells compared to symmetrical arbors from the
full population (Figure 4.6C, Kruskal-Wallis, Dunn’s corrected, p=0.0153).
Although the number of contacts with PLCβ2+ and Car4+ cells did not differ
between Penk+ arbors and the full population, perhaps a larger proportion of
Penk+ arbors contact Car4+ taste-transducing cells. Instead, I found a greater
number of Penk+ arbors, compared to the full population, contact both tastetransducing cell types (Chi square = 12.36, p=0.0062) (Figure 4.6D-G). These
results were unexpected, given that Penk+ arbors have been classified as almost
exclusively responding to sour. Given that a higher proportion of Penk+ arbors
than the full population contact both types of taste-transducing cells, this is
characteristic of the Penk+ neuron type.
Given that contacting both types of taste-transducing cells is a feature of
Penk+ arbors, I wanted to know if this arbor type contacted the same number of
taste-transducing cells compared to the full population. In the full population,
arbors that contact both cell types contact anywhere from a single cell of each
type up to 7 taste-transducing cells (Chapter III). So, I compared arbors that
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contact both cell types from the full population with Penk+ arbors (Figure 4.6H). I
found that 50% of Penk+ arbors contact 2 taste-transducing cells (one cell of
each type), whereas only 20% of arbors from the full population that contact both
cell types only contact 2 cells (Chi Square= 6.409, p=0.0406, Figure 4.6H). In
contrast, most arbors contacting both cell types from the full population contact
three or more taste-transducing cells total (Figure 4.6H).
In the full population of taste arbors, most arbors that contact both tastetransducing cell types are asymmetrical and I have hypothesized that these
arbors represent arbors undergoing plastic changes (Chapter III). So, I wanted to
determine if Penk+ arbors that contact both types of cells are asymmetrical. I
found that most (81%) of Penk+ arbors contacting multiple cell types are
symmetrical whereas only 51% of arbors contacting multiple cell types from the
full population are symmetrical. Only 4% of Penk+ arbors contacting both cell
types are asymmetrical whereas 40% of arbors contacting both cell types from
the full population fall into this category. So, the proportion of Penk+ arbors and
arbors from the full population differ across these categories (Chi Square= 11.02,
p=0.0041). Taken together, while it is not possible to look at the morphology of a
single Penk+ arbor and know what neuron type it is from, Penk+ arbors have a
larger number of large symmetrical arbors that contact a single cell of each type,
indicating neuron type has some influence on each of these features.
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4.3.5 Penk+ ganglion neurons are heavily branched and contact both cell
types
Individual taste ganglion neurons can be divided into morphological groups
based on branching complexity (T. Huang et al., 2021), and these different
morphologies have differing innervation patterns. So, I sought to compare these
patterns of innervation of arbors from fully reconstructed neurons with that of
Penk+ arbors (Figure 4.7A). I found that Penk+ arbor innervation patterns are
most like arbors belonging to heavily branched (cluster 3) ganglion neurons,
because arbors from cluster 3 neurons are more likely to contact cells of more
than one type. I found that Penk+ neurons range between 274µm -754µm total
arbor length; These measurements place 6 neurons into cluster 2, and 1 into
cluster 3 (Figure 4.7B-C) (T. Huang et al., 2021).
I then looked at number of taste-transducing cells innervated and found that
Penk+ ganglion neurons contact between 2-7 Car4+ cells and 1-12 PLCb2+ cells
using between 3-11 arbors. The full population of taste ganglion neurons include
both neurons that contact only a single taste-transducing cell type (Cluster 1,
44%) and neurons that contact both types of taste-transducing cells (Clusters 23, 51%). Consistent with their characterization as cluster 2-3 neurons, all Penk+
ganglion neurons innervate both taste-transducing cell types. Of the Penk+
neurons, 57% contact about twice as many Car4+ cells as PLCb2+ cells whereas
in the full population, only 23% of cluster 2-3 neurons contact twice as many
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Car4+ cells as PLCb2+ cells. Even though Penk+ neurons contact many tastetransducing cells, they consistently innervate only 2-3 taste buds whereas
neurons from the full population innervate up to 5 taste buds. I compared the
number of taste-transducing cells contacted per taste bud by Penk+ neurons
compared with the full population. I found that Penk+ neurons contact more
taste-transducing cells per taste bud than the full population (Mann-Whitney,
U=35.50, p=0.0403) (Figure 4.7D).
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Figure 4.1. (A) Sagittal section of tongue from PenkCre::tdTomato mice illustrating
extensive Penk+ labeling in the tongue. (B) Sagittal section of tongue from PenktdTomato mouse (where tdTomato is both flpo and Cre dependent and so limited
to taste neurons with a Phox2b-flpo construct). In these mice, tdTomato nerve
fibers could be seen entering taste buds. (C) Whole mount geniculate ganglion
from Penk-tdTomato mice (magenta) and immunostained for Phox2b (green). (C)
Single optical section of geniculate ganglion shown in C. All Penk+ neurons are
also Phox2b+ but many Phox2b+ neurons are Penk-. Insert in D is shown in
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higher zoom in E-G. Phox2b+/Penk- (arrowheads) and Phox2b+/Penk+ (arrows)
were quantified separately to determine that 16% of taste neurons are Penk+.
Scale bar in A= 40 µm. Scale bar in B= 50 µm. Scale bar in C=30µm and applies
to D. Scale bar in E=10 µm and applies to F, G.
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Figure 4.2. More Penk+ neurons project to the palate than to the tongue. (A)
Whole mount geniculate ganglion from Penk-tdTomato mouse (magenta) and
fluorescein chorda tympani nerve label (green). (B) Single optical section from
the geniculate ganglion in A. Insert in B is shown in panel C-E illustrating
quantification of Penk+ neurons that project to the tongue and the palate. Of the
Penk+ taste neurons, some are double labeled with fluorescein from the chorda
tympani nerve label (arrows) indicating that these taste neurons project to the
tongue. The Penk+ taste neurons that lack fluorescein label project to the palate
(arrowheads). Quantification of Penk-tdTomato sagittal tongue sections revealed
that 70% of taste buds (Keratin-8, green) are innervated by Penk+ arbors
(magenta) (F) leaving 30% of fungiform taste buds without Penk+ innervation
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(G). Scale bar in A=30µm and applies to B. Scale bar in C=10 µm and applies to
D, E. Scale bar in F=4 µm and applies to G.
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Figure 4.3. Penk+ arbors innervate taste buds with and without sour cells. A. The
number of Car4+ cells (blue) and the number of Penk+ arbors (magenta) were
quantified in whole mount preparations of the lingual epithelium. Scanning
through optical sections using Fluoview software revealed the number of Car4+
cells (B, blue in optical section (arrowheads) corresponding to cross section
indicated by yellow line in A) and Penk+ arbors entering each taste bud (C,
optical section corresponding to cross section indicated by white line in A, arrows
in A and C). Included in this data set are taste buds with Car4+ cells but lacking
Penk+ arbors (D) and taste buds that lack Car4+ but are innervated by Penk+
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arbors (E). (F) All taste buds on one half of the tongue were included in the
quantification to yield a total of 139 taste buds (n=3). The number of Penk+
arbors in a taste bud does not correlate with the number of Car4+ cells. Scale bar
in A=4µm and applies to B. Scale bar in C=2µm. Scale bar in D=2µm. Scale bar
in E=3µm and applies to F.
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Figure 4.4. Penk+ arbors are not distinct from the full population in complexity or
size. The complexity (number of branch ends) and size (arbor length and convex
hull) were measured for each Penk+ arbor (A) for comparison with arbors from
the full population. A representative arbor from the full population (B) and the
Penk+ population (C). The distribution of each of these measures for Penk+
arbors was compared with the distribution from arbors from the full population.
Penk+ arbors were not different from the full population in terms of complexity (D)
or size (E-F). Scale bar in B=4µm. Scale bar in C=3µm.
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Figure 4.5. Most Penk+ arbors branch symmetrically. Some arbors terminate in
the taste bud without branching (unbranched) (A, left). Arbors that branch in the
taste bud create two sides of the arbor at the first branch point. Calculating the
difference in branch ends on each side of the arbor gives the asymmetry index.
Some arbors branch symmetrically (0-2 asymmetry index) (A, middle, asymmetry
index=0) or asymmetrically (>2 asymmetry index) (A, right, asymmetry index=4).
The representative Penk+ arbor in B has 2 branch ends on one side (blue
arrows) and 2 branch ends on the other side (yellow arrows) yielding an
asymmetry index of 0. The representative arbor from the full population in C has
4 branch ends on one side (blue arrows) and 1 branch end on the other side
(yellow arrows) yielding an asymmetry index of 3. Quantifying the number of
unbranched, symmetrical, and asymmetrical arbors in the Penk+ and full
population revealed that a higher proportion of symmetrical arbors exist in the
Penk+ population (B,D) whereas a higher proportion of asymmetrical arbors exist
in the full population (C, D). Symmetrical Penk+ arbors are larger than
symmetrical arbors from the full population (*p= 0.0407) (E) and asymmetrical
arbors from the full population are larger than symmetrical Penk+ arbors
(*p=0.0430). Scale bar in B=6µm. Scale bar in C=4µm and applies to both
images in C.

113

114

Figure 4.6. There is no difference in the number of taste-transducing cells
contacted by Penk+ arbors and arbors from the full population but more Penk+
arbors contact both taste-transducing cell types than the full population. There is
no difference in the number of Car4+ (A) or PLCb2+ (B) taste-transducing cells
contacted by Penk+ arbors and arbors from the full population. Symmetrical
Penk+ arbors contact a greater number of taste-transducing cells than
symmetrical arbors from the full population (C). There is significant difference
between the number of taste-transducing cells contacted by symmetrical Penk+
arbors and asymmetrical arbors from the full population (*p=0.0153) (C).
Comparison of the percent of arbors that contact no cells, Car4+ cells, PLCb2+
cells, and both types of taste-transducing cells between Penk+ arbors and the full
population. More Penk+ arbors contact both cell types than the full population
(D). Arbor from the full population contacting a single PLCb2+ cell (E). Penk+
arbor contacting a single Car4+ cell (F). Penk+ arbor contacting one Car4+ cell
(blue) and one PLCb2+ cell (green) (G). For arbors contacting both tastetransducing cell types, I plotted the total number of taste-transducing cells
contacted for Penk+ arbors and arbors from the full population. Penk+ arbors
were more likely to contact one taste-transducing cell of each type whereas
arbors from the full population were likely to contact 3 or more cells (H). Of the
arbors that contact both cell types, most Penk+ arbors were symmetrical
whereas arbors from the full population were both symmetrical and asymmetrical
(I). Scale bar in B=5µm. Scale bar in C=8µm. Scale bar in D=4µm.
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Figure 4.7. Penk+ ganglion neurons are heavily branched, and consistently
contact cells of more than one type, with the majority being Car4+. Comparing
cells contacted by individual arbors from taste ganglion neurons belonging to
different morphological groups (cluster 1 (simple), 2 (branched), or 3 (heavily
branched)) to arbors from Penk+ neurons revealed that Penk+ arbors have
contacts most like branched and heavily branched (cluster 2-3) neurons (A).
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Representative example of all arbors belonging to a single Penk+ ganglion
neuron (B-C). This neuron contacts 7 Car4+ cells and 3 PLCb2+ cells across two
taste buds. Penk+ neurons contact more taste-transducing cells per taste bud
when compared with neurons from the full population (p=0.0403). Scale bar in B=
5µm and applies to C.
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4.4 Discussion
Taste neuron arbors vary in morphology, but the factors influencing arbor
structure have not yet been resolved. My findings in Chapter III indicate that
differences in arbor morphology is primarily due to plasticity, but this was not
experimentally tested. One approach to gain insight into which morphological
features reflect intrinsic features of a neuron and which reflect plasticity is to
compare the arbors of a defined taste neuron type with arbors from the
aggregate taste neuron population. Penk+ ganglion taste neurons were recently
identified as the first molecularly and functionally described neuron type (G.
Dvoryanchikov et al., 2017; J. Zhang et al., 2019). Here, I found that Penk+
arbors exist along the same continuum of size and complexity as the full
population of taste arbors, supporting that arbor morphology is largely dictated by
plasticity. Examination of this taste neuron type confirms that, unlike
somatosensory neurons, taste neuron types do not have stereotyped arbors.
Although individual arbors did not have distinct morphologies allowing them to
immediately be identified as Penk+, there were differences between Penk+ arbor
population and the full population. Specifically, Penk+ arbors were found to be
symmetric. Additionally, a higher proportion of Penk+ arbors contacted both
taste-transducing cell types than the full population. Penk+ arbors that contact
both taste-transducing cell types often contact one taste-transducing cell of each
type, whereas arbors that contact both types from the full population often
contact three or more taste-transducing cells. Although taste arbor size and
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complexity is largely determined by plasticity, neuron type does influence arbor
symmetry and type/number of taste-transducing cells contacted.
I have observed that taste arbors vary in morphology and have suggested
that these variations are due to plasticity (Chapter III). Small, symmetrical arbors
contact 1-2 taste-transducing cells whereas large, asymmetrical arbors contact
significantly more taste-transducing cells, often of both types (Car4+ and
PLCb2+). Large, asymmetrical arbors make up a smaller proportion of arbors in
the Penk+ population than in the full population. I hypothesized that large,
asymmetrical arbors reflect actively plastic arbors (Chapter II). If so, they should
appear in similar proportions in the Penk+ population as in the full population.
One possible explanation for this discrepancy is that types of taste-transducing
cells turn over at different rates, with Car4+ cells having the slowest rate of
turnover (Perea-Martinez et al., 2013). So, one possibility is that Penk+ arbors,
many of which contact Car4+ cells, would demonstrate lower frequency of
plasticity than the full population. If so, neuron type and plasticity influences
cannot be thought of as independent, since some neuron types (i.e. Penk+
neurons) would be predicted to have lower rates of plasticity than others.
I previously speculated that arbors contacting both types of taste-transducing
cells were undergoing plastic changes. However, Penk+ arbors consistently
contact one Car4+ and one PLCb2+ cell, with small symmetrical arbors, and not
large asymmetrical arbors. This combination was rarely observed in the full
populations. One possibility is that this structure is characteristic of a neuron type
that receives convergent information from more than one taste-transducing cell
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type. Consistently, a small percentage of circumvallate arbors synapse with both
Type II (PLCb2+) and Type III (Car4+) taste-transducing cells (Wilson et al.,
2021), indicating that a subset of taste neurons can receive input from multiple
taste-transducing cell types. Given that Penk+ arbors consistently contact both
taste-transducing cells, I suggest that Penk+ neurons are one such type.
Given that taste neuron function is determined by the taste-transducing cells
from which they receive input, I expect the peripheral contacts of a taste neuron
type to reflect their function. Penk+ neurons were recently shown to respond
primarily to sour stimuli (J. Zhang et al., 2019). I found that Penk+ arbors
innervate taste buds with and without sour (Car4+) taste-transducing cells.
Additionally, the number of Penk+ arbors innervating a taste bud is not correlated
with the number of Car4+ cells within that taste bud. These results were
unexpected and inconsistent with the response properties of this neuron type (J.
Zhang et al., 2019). Lastly, Penk+ arbors tended to contact cells of more than
one type. Although there are likely many more light level contacts than actual
connections, all the contacts with PLCβ2 cells would be not connections if the
neural responses solely reflected that of Car4+ cells. This implies that Penk+
arbors make a disproportionally high number of contacts that do not represent
connections when compared to the full population. However, since these arbors
are compared using the same protocols for staining, imaging, and analysis, it is
unclear why this would be the case. More importantly, Penk+ arbors in taste buds
lacking Car4+ cells would form no structural connections with any cell, which
although possible seems unlikely. Taken together with recent EM data, it seems
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likely that this neuron type receives input from multiple taste-transducing cell
types, such that the function of these neurons may need to be examined further.
The characterization that Penk+ neurons represent a population of “sour
specialists” (J. Zhang et al., 2019) contradicts an extensive functional literature
that consistently supports that neurons that respond to sour are generalists that
often also respond to salt and bitter (Barretto et al., 2015; M. E. Frank, 2000;
Lundy & Contreras, 1999). Another possible explanation for the discrepancy
between our contact analysis and the physiological characterization of Penk+
neurons, is the limited number of stimuli included in the initial stimulus array (J.
Zhang et al., 2019); this functional study did not include a high salt or amiloride
insensitive salt stimulus even though these stimuli consistently activate sour
responsive neurons (M. E. Frank, 2000; Lundy & Contreras, 1999). The
incomplete stimulus array utilized in the initial functional characterization of
Penk+ neurons does not allow us to rule out the possibility that this population
represents sour generalists.
The taste-transducing cells that respond to salt have not been clearly
delineated, however, two general salt pathways have been characterized
(Yoshida et al., 2009). One pathway is mediated through the ENaC channel
expressed in a subset of Type I , GAD65+ cells (Baumer-Harrison et al., 2020)
and Type II (Nomura et al., 2020) cells and is thus inhibited by amiloride
(Chandrashekar et al., 2010). This pathway generally mediates low, appetitive
salt which contributes to electrolyte balance. In contrast, the amiloride insensitive
salt pathway mediates non-sodium specific salt taste (Y. Oka et al., 2013).
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Interestingly, amiloride insensitive salt is mediated by a combination of Car4+
and PLCb2+ taste-transducing cells (Lewandowski et al., 2016; Y. Oka et al.,
2013). If Penk+ neurons are a broadly-tuned neuron responding to sour amiloride
insensitive salt, and bitter this could account for the contacts with PLCb2+ cells.
This presents an interesting possibility that Penk+ neurons may represent a
neuron type that integrates input from both taste-transducing cell types, instead
of simply relaying the responses of a single type of taste-transducing cell.
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CHAPTER V
GENERAL SUMMARY AND DISCUSSION
I developed a whole-mount tissue dissection, staining, and analysis workflow
(Ohman & Krimm, 2021) and utilized these techniques to address several
fundamental questions about peripheral taste neuron morphology. I found that
simple neurons contacted few taste-transducing cells of the same type (either
Car4+ or PLCβ2+ cells), whereas heavily branched neurons contact many tastetransducing cells of both types. These data suggest differential convergence
across taste neurons. Similar to taste ganglion neurons, taste arbors (the portion
of the neuron within the taste bud) also differ in morphology (Figure 5.1A, insert).
I found that arbors vary such that large, asymmetrical arbors contact more tastetransducing cells of both types, whereas small, symmetrical arbors contact 1-2
taste-transducing cells. Individual ganglion neurons with more than a single arbor
have different types of arbors which I would not expect if neuron types dictate
arbor morphology. Overall, I conclude that arbor morphology likely reflects
plasticity. I applied the analyses described for the previous chapters to the first
molecularly (G. Dvoryanchikov et al., 2017; J. Zhang et al., 2019) and
functionally (J. Zhang et al., 2019) characterized taste neuron type defined by the
expression of preproenkaphalin (Penk). These Penk+ taste ganglion neurons
contact many taste-transducing cells of both types while consistently contacting
more Car4+ cells than PLCβ2+ cells. The arbors of Penk+ neurons are not
obviously unique compared with arbors from the full taste neuron population,
supporting my conclusion that plasticity largely dictates arbor morphology.
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However, unlike the full population, Penk+ arbors consistently contact one tastetransducing cell of each type using symmetrical arbors, making this a feature
characteristic of this neuron type.
The structure of taste arbors (the portion of the neuron within the taste bud)
(Figure 5.1, insert in A) is likely largely dictated by plasticity related to tastetransducing cell turnover based on several pieces of evidence. First, individual
ganglion neurons include several types of arbors (varying in size and
asymmetry), which I would not expect if neuron type determined arbor
morphology. Second, arbors belonging to Penk+ neurons (a taste neuron type)
vary along the same continuum of size, complexity, and asymmetry as arbors
from the full population and thus do not represent a distinct subset of taste arbor
morphologies. Many Penk+ arbors are symmetrical and contact one tastetransducing cell of each type (a feature observed rarely across the full
population) indicating that neuron type does have some influence.
Although plasticity dictates taste arbor structure it remains unclear if other
portions of the peripheral taste axon are also plastic. An individual taste axon
innervating the tongue has branch points in the tongue musculature that
determine the number of individual arbors (part of the axon in the taste bud,1-17)
that innervate anywhere from 1 to 7 taste buds (Figure 5.1A, insert in A).
Variation in the number of arbors for individual Penk+ neurons was not different
than the full population indicating that arbor number is not determined by neuron
type. At this point it is not clear if individual neurons have the same number of
arbors over time or if this is a plastic feature of the neuron. However, since the
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number of arbors is the best predictor of number of taste-transducing cells
contacted (Chapter II), this finding indicates that the number of taste-transducing
cells contacted varies across individual neurons within a type.
Since variation in branching predicts the number of cells contacted, the
number of cells contacted within a neuron type likely varies (for Penk+ neurons
this range is 3 to 13). These findings are surprising in that they suggest that,
unlike most other neurons, morphological variability primarily occurs within types
rather than between them. One possible explanation for this finding is that while
taste neuron types may be primarily concerned with distinguishing between taste
qualities (sweet, sour better, etc.), the number of cells contacted may relate to a
different functional feature (i.e. stimulus intensity). For example, a neuron
receiving input from seven sour transducing cells (Chandrashekar et al., 2009a;
Teng et al., 2019) may have a lower threshold for citric acid than a neuron
receiving input from only one sour-transducing cell (Figure 5.2). Thus, I would
predict that individual neurons within the Penk+ neuron type likely differ in their
thresholds to this neuron type’s best stimulus (sour or salt). Future functional
studies can test this idea providing insight into why neurons might vary in
morphology and number of cells contacted across types.
Converging evidence from Chapter IV suggests that Penk+ neurons integrate
information from two different taste-transducing cell types. These observations
suggest that Penk+ neurons should be activated by the same stimuli that activate
either of these types (Car4+ or PLCβ2+ cells), including sour, bitter or
sweet/umami. However, Penk+ neurons might be particularly responsive to a
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stimulus that activated both cell types (Figure 5.3). Interestingly, neurons that
respond best to sour also respond to non-sodium salts (M. E. Frank, 2000; Lundy
& Contreras, 1999). Additionally, non-sodium salt is transduced by a combination
of Car4+ and PLCβ2+ taste-transducing cells (Y. Oka et al., 2013), making it a
particularly relevant stimulus for a neuron type that consistently contacts one cell
of each type. The initial functional study of Penk+ taste neurons lacked this
morphology-informed experimental design and thus excluded a non-sodium salt
stimulus. Thus, I predict that the best stimulus for Penk+ neurons will be a nonsodium salt (i.e. NH4Cl) rather than citric acid (Figure 5.3). This can be tested
empirically in future studies. Applying a similar morphologically informed
experimental design to additional genetically defined neuron types will facilitate
and enrich our functional characterization of taste neuron types.
My anatomical analysis is consistent with several findings in the literature
suggesting that there is likely a second population of taste ganglion neurons that
respond to sour. When all Penk+ taste neurons are labeled, there are taste buds
with Car4+ cells that are not innervated by Penk+ arbors. Penk+ neurons do not
include the full range of morphologies for neurons contacting Car4+ (sour) tastetransducing cells present in the full population. Namely, the Penk+ population
does not include the simply branched Cluster 1 neurons that only contact 1-2
Car4+ cells, which exist in the full population. Lastly, the molecular expression
data that identified Penk as a potential subpopulation (G. Dvoryanchikov et al.,
2017) supports the existence of another population of neurons that also respond
to sour, because the expression of 5HT3a, the receptor for serotonin, released
126

by sour cells (Larson et al., 2015) is found in the Penk cluster but also in other
taste neurons. So, Penk+ neurons were previously described as the only sour
taste neuron (J. Zhang et al., 2019) however this seems unlikely. If the number of
taste-transducing cells of the same type contacted does represent different
thresholds for a stimulus, I predict that the second population of sour neurons is
only activated by a high concentration of sour, because they are the ones
receiving input from the fewest Car4+ cells.
This project sets up interesting future directions that include examining
additional neuron types and which features of neuron types are plastic. As a
continuation of my current project, I could apply the same morphology-informed
experimental design to examine the functional properties of additional taste
neuron types. One such candidate (Spon-1) was identified and functionally
evaluated in the same paper as the Penk-tdTomato mice (J. Zhang et al., 2019).
Unlike Penk+ neurons which are likely broadly tuned (Chapter IV, (M. E. Frank,
2000)), taste neurons that respond best to sweet are narrowly tuned (M. E.
Frank, 2000). Therefore, Spon-1+ taste neurons are likely to contact only
PLCb2+ cells. Unlike Penk+ neurons which appear to integrate information from
both taste-transducing cell types, this potential neuron population is likely to
exclusively receives input from PLCb2+ cells. In addition to relating the
morphology and function of additional molecularly defined taste neuron types, a
second fundamental line of investigation for the taste field is determining whether
some portions of taste neurons are stable over time whereas others are plastic.
Examining plasticity of taste neuron features over time will require chronic live
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imaging preparations. For example, to characterize arbor changes in response to
taste-transducing cell turnover could be observed by tracking taste-transducing
cells entering and leaving the taste bud and recording arbor changes in terms of
complexity, size, and asymmetry. Observing changes in branch points below the
taste bud is not feasible given that they are deep within the tissue. However,
differences in arbor number between neurons result from different numbers of
branch points in the tongue muscle and lamina propria. Using chronic live
imaging to determine whether the number of arbors changes over time would be
one way to pursue this question.
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Figure 5.1. (A) Sagittal cross section of the tongue including two peripheral taste
ganglion neurons entering the tongue at the dorsal midline. After entry, individual
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ganglion neurons may branch a variable number of times in the musculature of
the tongue (dark blue dots), in the lamina propria or papilla beneath the taste bud
(light blue dots), or within the taste bud, referred to as the arbor (yellow dots).
Insert illustrates two arbors entering one of the 3 innervated taste buds by that
neuron. (B) The degree to which plasticity alters the overall peripheral axon
structure remains unresolved. As innervated taste-transducing cells undergo
apoptosis and the innervating branch retracts, it is possible that neurons that
innervate taste-transducing cells in 1-2 taste buds remain sparsely branched
(top) and that neurons with many arbors remain complex (bottom) throughout the
animal’s life. So, plasticity does not allow individual neurons to move across this
entire continuum of branching complexity, even though it appears that the
morphology of the individual arbors is entirely plastic.
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Figure 5.2. Peripheral taste axons exist along a continuum of branching
complexity. Sparsely branched neurons have the potential to receive convergent
input from fewer taste-transducing cells than neurons that branch extensively.
One possibility is that neurons that branch sparsely require a higher taste
stimulus concentration for activation, whereas neurons that receive input from
many taste-transducing cells respond to a lower taste stimulus threshold. If so, I
would expect the number of neurons responding to a given stimulus to increase
with increasing concentration. All taste-transducing cells depicted represent
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Car4+ (sour) cells; blue cells represent cells that exclusively respond to sour
whereas purple cells represent sour cells that also respond to one or more
additional stimuli. As neurons connect with more Car4+ cells the probability
increases that it will connect with cells that respond to more than one stimulus.
So, one possible consequence of being a heavily branched neuron could also be
an increase in tuning properties.
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Figure 5.3. I propose that neuron types differ in the degree to which they
integrate responses from different taste-transducing cells. (A) Taste arbors that
contact a single taste-transducing cell reflect the best stimulus on the individual
taste-transducing cell providing input. (B) Penk+ neurons have arbors that
contact two taste-transducing cells may integrate the responses of both tastetransducing cells resulting in a different best stimulus than the individual tastetransducing cells.
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APPENDIX 1
WHOLE MOUNT STAINING, VISUALIZATION, AND ANALYSIS OF
FUNGIFORM, CIRCUMVALLATE, AND PALATE TASTE BUDS.
A1.1 Introduction
Taste receptor cells located on the tongue and palate detect the chemical
content of food and respond to various taste qualities such as bitter or sweet
(Chaudhari & Roper, 2010). Afferent fibers from neurons in the geniculate and
petrosal ganglia innervate these taste receptor cells and carry taste information to
the first synaptic relay of the brain, the nucleus of the solitary tract (Krimm, 2007).
Although our understanding of taste receptor cells has advanced considerably over
the past two decades, the neurons that innervate these cells are still poorly
understood, at least in part due to the lack of specific molecular markers for taste
neurons.
The geniculate ganglion contains taste neurons that project through the chorda
tympani and greater superficial petrosal nerves; however, it also contains nongustatory neurons, most notably those innervating the external acoustic meatus
through the posterior auricular nerve (Folan-Curran & Cooke, 2001; Gomez, 1978;
Semba, Sood, Shu, Nagele, & Egger, 1984). Although the exact proportion of
geniculate ganglion neurons that project to the tongue and palate is unknown,
estimates in the rat range from 50% to 70% (Gomez, 1978; Semba et al., 1984).
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The quantification of innervation to taste buds is limited by labels that do not
primarily label taste fibers (e.g., neurofilaments (Krimm, Miller, Kitzman, Davis, &
Albers, 2001)), labels that also identify certain subpopulations of taste cells (e.g.,
NCAM; (I. V. Nosrat, R. F. Margolskee, & C. A. Nosrat, 2012; C. L. Yee et al.,
2001)), or that show a patchy appearance and likely do not label entire nerve fibers
(e.g., P2X3; (T. Huang, L. Ma, & R. F. Krimm, 2015)).
Taste neurons, similarly to those innervating digestive, respiratory, and
cardiovascular end organs, can be described as “visceral” sensory neurons,
whereas those innervating the pinna and external ear canal can be classified as
somatosensory neurons, because they innervate external structures. Thus, a
transcription factor that regulates visceral sensory neuron development would be
a useful candidate for identifying gustatory neurons in the geniculate ganglion.
Phox2b is a homeodomain transcription factor that is essential for development of
the placodally-derived geniculate and petrosal ganglion (Dauger et al., 2003). An
early study reports the widespread expression of Phox2b in the geniculate
ganglion and the degeneration of the entire ganglion upon Phox2b deficiency
(Dauger et al., 2003), implying limited specificity. However, Phox2b was more
recently found to be expressed in roughly half of the geniculate ganglion
(D'Autreaux, Coppola, Hirsch, Birchmeier, & Brunet, 2011), suggesting that
Phox2b might be specifically expressed by gustatory neurons within the ganglion.
Here, our goal was to characterize a genetic label for taste neurons projecting
through the chorda tympani and greater superficial petrosal nerves that could be
used to further investigate taste bud innervation. To accomplish this goal, I used a

148

Phox2b-Cre-tdTomato mouse line in which all neurons expressing Phox2b (at any
time during development) would be genetically labeled. I found that Phox2b was
specifically expressed in the 42% of geniculate ganglion neurons that projected
through the chorda tympani and the greater superficial petrosal nerves. All
tdTomato-positive fibers within taste buds in the fungiform papillae originated from
the chorda tympani permitting measurement of total volume of innervation within
the taste bud. The Phox2b construct allows for both genetic access and labeling
of taste neurons.

A1.2. Materials and Methods
Animals
To genetically identify neurons expressing the transcription factor Phox2b, I
bred Phox2b-Cre mice (Mutant Mouse Resource Research Centers; MMRRC
strain 034613-UCD, NP91Gsat/Mmcd) with tdTomato reporter mice (Ai14, The
Jackson Laboratory, Stock No: 007914) that have a loxP-flanked STOP cassette
preventing transcription of a CAG promoter-driven red fluorescent protein variant
(tdTomato). tdTomato is expressed following Cre-mediated recombination for the
lifetime of the cell regardless of the persistence of Phox2b expression. Mice were
genotyped according to protocols provided by the MMRRC and Jackson
Laboratory. All mice were housed in a central facility and maintained under
controlled conditions of normal humidity and temperature, with standard
alternating 12-h periods of light and dark and free access to water and food. All
mice were cared for and studied in accordance with guidelines set by the US Public
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Health Service Policy on the Humane Care and Use of Laboratory Animals and
the NIH Guide for the Care and Use of Laboratory Animals. All procedures were
approved by the University of Louisville Institutional Animal Care and Use
Committee.

Chorda tympani nerve transection
Mice were sedated with a 0.32 mg/kg injection of Domitor (medetomidine
hydrochloride, I.M.) and anesthetized with 40 mg/kg Ketaset® (ketamine
hydrochloride). Mice were placed in a non-traumatic head holder to provide access
to the nerve in the neck via a ventral approach (Guagliardo and Hill, 2007). The
chorda tympani nerve was located as it bifurcates from the lingual branch of the
trigeminal nerve and was cut without damaging the trigeminal nerve. The nerve
was cut such that a portion of the nerve was removed. The wound was sutured,
and mice recovered on a water-circulating heating pad before being returned to
their

home

cage.

Atipamezole

hydrochloride

(2

mg/kg)

was

injected

intramuscularly immediately after surgery to promote reversal of anesthesia and
thus reduce recovery time. Meloxicam was also administered orally through food
pellets for the two days after surgery. To achieve a dose of 1–2 mg/kg, 0.5 cc of a
0.5 mg/ml meloxicam solution was applied to each of two food pellets, which were
then moistened with water and placed in the home cage. After seven days, mice
were euthanized and perfused with 4% paraformaldehyde (PFA).

Fluorescent anterograde nerve labeling
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Procedures used to label the chorda tympani and greater superficial nerves
with fluorescent tracers were previously described (C. Sun, Dayal, & Hill, 2015; C.
Sun, Hummler, & Hill, 2017). Adult Phox2b-Cre:tdTomato mice were anesthetized
in the same manner as with CT-nerve section. A water-circulating heating pad was
used to maintain body temperature. Mice were positioned in a non-traumatic head
holder, and a ventral approach was used to expose the greater superficial petrosal
and chorda tympani nerves within the right tympanic bulla. The chorda tympani
and greater superficial petrosal nerves were cut near and peripheral to the
geniculate ganglion in the tympanic bulla, and crystals of 3kD fluorescein dextran
(D3306, Invitrogen) were applied to either the proximal cut end of both nerves or
only the chorda tympani. A small amount of Kwik-Sil (World Precision Instruments,
Inc.; Sarasota, FL) was then placed over the cut end of the nerves to prevent
crystals from diffusing from the intended labeling site. Post-surgical treat was the
same as for nerve labels. After two days, mice were euthanized and perfused with
4% paraformaldehyde (PFA). The geniculate ganglia were dissected and
immediately mounted and imaged using a confocal microscope.
Tongue injections with CTB-488.
Adult Phox2b-Cre:tdTomato mice were anesthetized in the same manner as
with CT-nerve section.

Once the mouse was anesthetized the tongue was

carefully pulled from the oral cavity and secured to a silicone putty surface and
visualized under a fluorescent dissecting microscope. A 10 µl Hamilton syringe
with a flexifil bevel tip (Cat# 500818, World Precision Instruments) was filled with
cholera-toxin B conjugated with Alexa 488 (Cat# C34775, Life Technologies). A
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micromanipulator was used to control the syringe, such that the bevel was placed
just below the epithelial surface. The syringe was slowly depressed and the
diffusion of CTB-488 into the tongue could be seen under the fluorescent
dissecting microscope. To ensure a large region of the tongue was labeled, this
procedure was repeated 2-4 times such that a sizable portion of the tongue surface
appeared to be labeled green. Once labeling was complete the tongue surface
was cleaned with a cotton-tipped applicator dipped in distilled water and place back
in the animal’s mouth. Post-surgical treat was the same as for nerve labels. After
48-hours, animals were perfused and processed for immunohistochemistry.

Immunohistochemistry
Mice were sacrificed by avertin overdose (4 mg/kg) and perfused transcardially
with 4% PFA. Dissected tissues were post-fixed in 4% PFA for 2 hours (for thin
serial sections) or overnight (thick sections and whole mounts). Dissected tissues
were then rinsed with PBS and transferred to 30% sucrose at 4°C overnight. A
razor blade was used to remove the circumvallate papilla, the tongues were then
carefully split in half with a razor blade down the mid-line under a dissection
microscope, which was used to verify that the tongue was bi-sectioned at the midline. Tongues were frozen the next day in OCT and stored at -80°C until sectioned
on a cryostat or processed for whole-mount staining.
To visualize taste buds and their innervation in serial sagittal sections, each
tongue-half, was sectioned sagittally from the midline to the lateral edge. Serial
sagittal sections of the tongue (20 µm) were mounted on glass slides. Slides
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containing tongue sections were first dried on a slide warmer (37°C) overnight. The
next day, slides were rehydrated, placed into citric acid buffer (10 mM citric acid,
0.05% Tween 20, pH 6.0), heated to 98–100°C for approximately 15 min in a
boiling water bath, and allowed to cool for 20 min on ice for antigen retrieval. Slides
were washed in PBS (pH 7.4) and incubated overnight at room temperature with
primary antibodies in PBS and 0.5% Triton-X100 (Table 1). Following incubation,
slides were rinsed in PBS and incubated for 1.5 hours with Alexa 488 anti-rat
secondary antibody (1:500; Invitrogen) and Alexa 555 anti-rabbit secondary
antibody (1:500; Invitrogen) in PBS and 0.5% Trition-X100. Slides were rinsed in
PBS three times for 5 min and mounted with fluoromount-G (SouthernBiotech,
Birmingham, AL). Alternatively, thick (70 µm) sections were blocked at 4°C in 0.1
M PB with 3% donkey serum and 0.5% Triton-X100 overnight, incubated at 4°C
with primary antibodies as floating sections (without antigen retrieval) for 5 days,
rinsed four times for 15 min each, incubated in secondary antibodies for two days,
rinsed another four times for 15 min each, and then mounted and cover slipped.
To visualize entire taste buds and geniculate ganglia, I performed whole-mount
immunohistochemistry of the lingual epithelium and geniculate ganglia. After
dissection, geniculate ganglia were frozen in OCT and thawed three times to
improve antibody penetration. The lingual epithelium was prepared by cutting the
tongue in half and then cutting the tongue epithelium away from underlying muscle
and connective tissue. The epithelium was then divided into several pieces roughly
representing the dorsal and ventral tip, mid-region, and back of the tongue.
Surgical scissors were used to remove as much tissue from the epithelium as
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possible under a dissecting scope. The epithelium was then frozen flat (muscle
side down) in OCT, and additional muscle and lamina propria were slowly shaved
using a cryostat; each section of removed muscle or lamina propria was examined
under a microscope to ensure that it did not contain epithelium. After sufficient
muscle was removed to reach the underside of the epithelium, the tissue was
thawed and processed for whole-mount staining. The lingual epithelium and
ganglion were then processed using the same protocol as for thick sections.

Antibody Characterization
The antibodies used are described in detail in Table 1. Troma1 and DsRed are
used for cell morphology for Keratin-8 containing taste cells and tdTomato nerve
fibers, respectively. Both antibodies have been established in the literature for this
purpose (N. A. Guagliardo & D. L. Hill, 2007; L. Meng, T. Huang, C. Sun, D. L. Hill,
& R. Krimm, 2017; L. Meng, L. Ohman-Gault, L. Ma, & R. F. Krimm, 2015b; Patel
& Krimm, 2010; M. Rutlin, C. Y. Ho, V. E. Abraira, C. Cassidy, L. Bai, et al., 2014).
Isl-1 was used to label all neuronal nuclei in the geniculate ganglion (Usoskin et
al., 2015).

Data analysis
The number of innervated taste buds was quantified using a fluorescent
microscope, each section was examined and each taste bud was followed through
serial sagittal sections starting with the midline and working toward the lateral edge
to ensure that each taste bud was counted only once. For each taste bud, the
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presence or absence of innervation inside the Keratin-8 borders of the taste bud
or outside the taste bud but within the associated papillae was recorded.
Whole-mount taste buds were imaged using a confocal microscope at Zoom 3
and 60× magnification with a step size of 0.47 μm along the long axis of the taste
bud. This step size was chosen, because the Olympus Fluoview recommends this
step size as “optimum” for the magnification used. Deconvolution was performed
using AutoQuant X3 software (Media Cybernetics, Maryland). Imaris software
(Bitplane, Switzerland) was used for analysis of total taste bud volume and the
volume of innervation within taste buds.
To quantify the absolute number of geniculate ganglion neurons, serial optical
sections of whole geniculate ganglia were captured using a confocal microscope
(FV1200, Olympus). High-resolution images of whole-mount geniculate ganglia
were obtained by stitching multiple fields under a 40× lens, yielding a highmagnification image including the entire ganglion in one z-stack. Each labeled
signal was collected individually with specific wavelength excitation. Images of
whole geniculate ganglia were analyzed using Neurolucida 10 (MBF Bioscience,
Williston VT). All labeled neurons were counted by examining each cell through
multiple optical sections; ganglia were imaged with a step size of 1 μm so that each
cell could be followed through several sections. To ensure that each neuron was
counted only once, markers were added to the center of each counted cell in the
z-stack. Data are presented as mean ± standard deviation.

A1.3. Results
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Taste buds in all regions of the oral cavity are innervated by Phox2btdTomato nerve fibers.
To determine whether neurons innervating taste buds express the transcription
factor Phox2b during development, I bred Phox2b-Cre mice with Cre-dependent
tdTomato mice and examined taste bud innervation. tdTomato-positive nerve fibers
were found to innervate the front of the tongue and all fungiform papillae (Figure
1a). For some (57.5 ± 4%, n=6 mice, 42.6 ± 13.4 papillae/tongue half) fungiform
papillae, tdTomato-positive innervation was specific to taste buds (Figure 1b,
Movie S1), whereas in other fungiform papillae (42.5%) fibers also innervated
adjacent regions of the fungiform papillae (Figure 1c). Circumvallate papillae had
a large tdTomato-positive nerve plexus in their core (Figure 1d), and nerve fibers
could be seen penetrating the taste buds (Figure 1e, f). Taste buds on the posterior
palatine field of the soft palate are organized into single taste buds or small clusters
of two or three taste buds located in eminences (I.J. Miller, Jr. & Spangler, 1982).
I observed tdTomato-positive nerve fibers coursing through the posterior palatine
field and innervating these taste bud clusters (Figure 1g, h). In addition, taste buds
located on the geschmackstreifen (i.e., taste stripe; (I.J. Miller, Jr. & Spangler,
1982)), which sits above circumvallate papillae and anterior to the posterior
palatine field, were also innervated by tdTomato-positive nerve fibers (Figure 1I).

Phox2b-tdTomato expression distinguishes geniculate ganglion neurons
innervating the tongue and palate from those innervating non-taste regions.
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In addition to innervating taste regions of the tongue and palate, geniculate
ganglion neurons innervate the ear pinna and external ear canal through multiple
branches of the facial nerve including the posterior auricular nerve. To determine
whether developmental Phox2b expression could distinguish between these
neuron populations, I labeled the chorda tympani nerve, which innervates the
tongue, and the greater superficial petrosal nerve, which innervates the palate, of
Phox2b-Cre:tdTomato mice with fluorescein dextran. All 624.3 ± 4.0 (n=3;
individual counts = 620, 625, 628) neurons in the geniculate ganglion that were
labeled with tdTomato, were co-labeled with fluorescein dextran (Figure 2). In
addition, of the neurons that were labeled with fluorescein dextran, all but 3
neurons in 1 mouse were also labeled with tdTomato. Together, these findings
indicate that Phox2b-tdTomato specifically labels geniculate neurons innervating
the tongue and palate.
After determining that Phox2b is a genetic identifier of neurons projecting
through the chorda tympani and greater superficial petrosal nerves, I then
quantified the number of neurons contributing to each of these nerves. I labeled
the chorda tympani nerve of Phox2b-Cre:tdTomato mice (n=3) with fluorescein
dextran and quantified the double-labeled neurons innervating the tongue and the
tdTomato only-labeled neurons innervating the palate (Figure 3a-c). I found that
378 ± 11.7 (365, 383, 387) neurons innervated the fungiform taste field, whereas
208 ± 32.5 (237, 173, 215) neurons innervated the palate through the greater
superficial petrosal nerve. Therefore, of the Phox2b-positive neurons, 64%
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innervated the tongue via the chorda tympani, and 35% innervated the palate via
the greater superficial petrosal nerve.
Next, I quantified neurons innervating the oral cavity (chorda tympani and
greater superficial petrosal) versus non-oral regions (posterior auricular and facial
proprioceptors) by immunolabeling geniculate ganglia from Phox2b-tdTomato
mice with anti-Islet-1 (Figure 3d-f), which is a transcription factor important for
determining sensory neuronal fate (Y. Sun et al., 2008) and labels all neurons
within the geniculate ganglion (Harlow, Yang, Williams, & Barlow, 2011). I found
that the geniculate ganglion contained 1572.3 ± 202.5, (1367, 1578, 1772)
neurons, of which 658.6 ± 18.4 (42%; 643, 654, 679) were Phox2b-positive (i.e.,
taste neurons). Our results indicate that 58% of neurons in the mouse geniculate
ganglion provide somatosensory innervation of the ear and facial proprioceptors,
27% project to the tongue via the chorda tympani, and 15% project to the palate
through the greater superficial petrosal nerve.

Chorda tympani nerve transection eliminates all Phox2b-tdTomato-positive
fibers from taste buds but not from all fungiform papillae.
Whereas Phox2b-tdTomato labels all chorda tympani and greater superficial
petrosal neurons within the geniculate ganglion, it is unclear whether all the
Phox2b-tdTomato-positive innervation to taste buds and papillae originates from
these gustatory nerves. To examine this issue, I transected the chorda tympani
nerve and compared the remaining innervation to fungiform papillae on the
sectioned vs the unsectioned sides of the tongue. In general, disrupting innervation
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results in a loss of taste buds (N. A. Guagliardo & D. L. Hill, 2007; Oakley, Wu,
Lawton, & deSibour, 1990), although roughly half the fungiform taste buds remain
present with an altered morphology following nerve section (N. A. Guagliardo & D.
L. Hill, 2007; L. Meng et al., 2017; Whitehead, Frank, Hettinger, Hou, & Nah, 1987).
On the un-transected side of the tongue, I found that all fungiform papillae and
taste buds (identified with keratin-8, green) had tdTomato-positive innervation
(Figure 4a). In addition, some fungiform papillae also had labeled innervation
within the fungiform papillae but outside the taste bud (Figure 4b). By contrast, on
the transected side of the tongue, I found no taste buds with tdTomato-positive
innervation within the keratin-8 borders (Figure 4c, d), indicating that all labeled
innervation within taste buds was from the chorda tympani nerve. However, some
taste buds were surrounded by tdTomato-positive innervation, indicating that at
least some of the non-taste innervation within the fungiform papillae is not derived
from the chorda tympani nerve. Therefore, the chorda tympani is the only source
of Phox2b-positive innervation to the fungiform taste bud but is not the source of
the non-taste Phox2b-positive innervation to the fungiform papillae.

Additional innervation to papillae arises from autonomic sources.
In addition to chorda tympani nerve fibers, 43% of fungiform papillae are also
innervated by tdTomato-positive nerve fibers that innervate the fungiform papillae
without innervating taste buds. I observed a few scattered tdTomato-labeled
neurons in the whole mount trigeminal ganglion from Phox2b-Cre:tdtomato mice.
To determine whether these neurons innervated the tongue, I injected the tongues
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of Phox2b-tdTomato mice with a green neural tracer (CTB-488) and examined
serial sections through both trigeminal ganglia for double-labeled neurons (n=3).
CTB-labeled neurons innervating the tongue were scattered throughout the
mandibular portion of the trigeminal ganglion (Figure 5a). Most sections in this
regions had at least one and most had several CTB-488–labeled neurons (Figure
5a), while tdTomato-positive neurons were not seen in every section and were
more sparsely distributed. I found only one double-labeled neuron from a total of
three mice (Figure 5b-d). Although a few tdTomato-positive trigeminal neurons may
innervate the tongue, their number seemed insufficient to account for all of the
extra innervation to fungiform papillae.
Phox2b is a transcription factor that regulates both sympathetic and
parasympathetic neuron development (Pattyn, Morin, Cremer, Goridis, & Brunet,
1997; Stanke et al., 1999), and tyrosine hydroxylase (TH)-positive fibers are
characteristic of sympathetic nerve innervation and are present in taste papillae
(Dvoryanchikov, Tomchik, & Chaudhari, 2007). Therefore, to determine whether
the non-taste fibers in fungiform papillae could be sympathetic fibers, Ilabeled
gustatory regions with TH (green) in Phox2b-tdTomato mice (n=3). Iobserved THpositive fibers in circumvallate papillae (Figure 6a-f) and in some fungiform papillae
(Figure 6g-l). In both circumvallate and fungiform papillae, most TH-positive fibers
were also tdTomato-positive, suggesting that a portion of non-gustatory tdTomatopositive innervation to fungiform papillae is sympathetic innervation (Figure 6a-f).
TH-positive innervation was only present in papillae that also contained non-taste
TH-negative/tdTomato-positive

innervation. TH-positive/tdTomato-positive
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innervation surrounded taste buds in whole-mount preparations but did not extend
into the epithelium (Figure 6g, h, i), whereas a subset of TH-negative/tdTomatopositive fibers did extend above the pore and into the epithelium (Figure 6g, i).
Using software to isolate all label only within the keratin 8 defined taste bud,
Iobserved that only TH-negative/tdTomato-positive innervation was present in
taste buds within fungiform papillae (Figure 6j, k; Movie S2). Viewing a single
optical section through the taste bud supports that only TH-negative/tdTomatopositive innervation is present within the taste bud (Figure 6l).
As expected, based on previous studies of sympathetic fibers in the tongue,
sympathetic TH-positive/tdTomato-positive innervation was also present encircling
blood vessels (Figure 7a-f) and in Von Ebner’s glands (Figure 7g-l). In both
locations, TH-negative/tdTomato-positive fibers appeared to run alongside THpositive/tdTomato-negative fibers (Figure 7c, f, i), suggesting that parasympathetic
nerve fibers were tdTomato-positive. Consistent with this, neuron cell bodies of the
lingual parasympathetic ganglia were tdTomato-positive (Figure 7m).

Phox2b-tdTomato is a useful marker for examining gustatory innervation to
the tongue during embryonic development.
Whole-mount labeling of the tongue is a useful method for examining target
innervation (Lopez & Krimm, 2006b; L. Ma, Lopez, & Krimm, 2009); however, such
experiments are typically conducted using DiI-labeling in fixed embryos, which is
not a perfect approach. To determine whether genetic labeling could replace DiIlabeling for developmental studies, Iexamined whole-mount tongues of Phox2b-
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tdTomato mice immediately after dissection with no additional processing. Similar
to previous observations (Lopez & Krimm, 2006b), Iobserved that nerve fascicles
exhibited a clear stereotyped branching pattern (Figure 8a), in which individual
fiber bundles reached the tongue surface and branched, forming a small tuft
(Figure 8b, arrows). Similarly, the tdTomato-positive innervation to the
circumvallate papilla (arrow, Figure 8c) was similar to that observed in DiI-labeled
tissue (Figure 8d) Thus, genetic labeling under the control of Phox2b appeared
similar and could replace DiI-labeling of fixed embryos for examining nerve fiber
innervation to the tongue during development.
Methods for accurately measuring taste bud innervation are important for
assessing the effects of various manipulations on taste bud structure and function.
Previous studies rely on immunohistochemical labels that are not uniformly
expressed throughout nerve fibers (D. Castillo et al., 2014; L. Meng et al., 2015b),
and antibodies may not sufficiently penetrate thick tissue or whole mounts. Here,
Iquantified tdTomato-positive innervation in whole mounts to allow for threedimensional examination of entire taste buds without sampling bias (Figure 9).
Ifound bright and reliable labels in the whole mounts, permitting easy visualization
and measurement of innervation. Next, Ideconvoluted and analyzed images of
whole-mount taste buds to measure total taste bud volume and the volume of
innervation within taste buds. The contour function was used to outline the taste
bud in each optical slice along the axis of highest resolution. These outlines were
used to generate a volume which was representative of the total volume of the
taste bud (Figure 9a-c). Masking the fluorescent channels within the taste bud
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allowed for creation of a duplicate fluorescent channels each representing only the
taste bud (blue; Figure 9d) and then eliminating innervation outside the taste bud
(Figure 9e). This new channel was used to generate a surface representing the
total volume of innervation within the taste bud (Figure 9f). Whole mount staining
of taste buds revealed a distribution of both taste buds and innervation volumes.
Ifound that total taste bud volume ranged from 12000 to 32000 µm3, and the
volume of innervation within taste buds ranged from 600 to 3600 µm3. As taste
bud volume increases some taste buds exhibit additional innervation while others
do not, such that the variation in taste bud innervation increases as taste bud
volume increases (Figure 9g; see also Movie S1).
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Figure 1. Tongue tip from a Phox2b-tdTomato mouse with labeled nerve fibers
projecting to fungiform papillae (a). For many fungiform papillae, Phox2btdTomato-positive nerve fibers only innervated taste buds (b), whereas Phox2btdTomato-positive fibers also innervated surrounding epithelium in other fungiform
papillae (c). These fibers always entered and traveled up the center of papillae and
not up the sides. A dense Phox2b-tdTomato-positive plexus was observed in the
core of circumvallate papillae (d), with many of these fibers seeming to penetrate
into taste buds (e, f). A whole mount of the posterior palatine field (viewed top
down) shows taste buds innervated by Phox2b-tdTomato-positive fibers (g), which
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were also seen in higher magnification images (h) and the geschmackstreifen (i).
All images are project z-stacks of 70µm sections (tongue) and whole mount (soft
palate). Scale bars: a = 100 µm, c = 10 µm (applies to b), d = 100 µm, e = 30 µm,
f = 10 µm, g= 100 µm, h = 10 µm, and i = 10 µm.
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Figure 2. All Phox2b-tdTomato-positive neurons (red) were retrogradely labeled
in the geniculate ganglion following placement of tracer (green) on chorda tympani
and greater superficial petrosal nerves. Retrogradely labeled neurons are shown
in the ventral (a), middle (d), and dorsal (g) geniculate ganglion in single 1 µm
optical slices taken from a whole mount geniculate ganglion. Phox2b-tdTomatopositive neurons (b, e, h). Double-labeled neurons (c, f, i). Scale bar in I = 100 µm
and applies to all images.
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Figure 3. Some but not all Phox2b-tdTomato-positive neurons in the geniculate
ganglion were retrogradely labeled following placement of fluorescein on the
chorda tympani nerve (a-c). A single optical slice through the geniculate ganglion
whole mount shows Phox2b-tdTomato-positive neurons (a), retrogradely labeled
neurons from the chorda tympani nerve (b), and the overlap between Phox2btdTomato and retrograde labeling was observed in some geniculate ganglion
neurons (arrows in inset of c). There were also some Phox2b-tdTomato neurons
without retrograde labeling (arrowheads). Expression of Phox2b-tdTomato was
observed in some but not all geniculate ganglion neurons (d-f). Single optical slices
through the geniculate ganglion stained for tdTomato (d), and the neuronal marker,
Isl-1 (e). In the inset of f, arrows indicate overlap between Isl-1 and tdTomato, and
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arrowheads indicate Isl-1-only labeled neurons. Scale bar in c = 100 µm and
applies to all images.
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Figure 4. Following unilateral chorda tympani transection, most taste buds on the
un-transected side of the tongue had nerve fibers specifically innervating taste
buds (a), whereas some taste buds also had innervation outside the taste bud but
within the fungiform papilla (b). On the transected side of the tongue, most taste
buds lacked innervation both inside and outside the keratin-8 border (c), although
some taste buds still had Phox2b-tdTomato-positive fibers in the papilla and
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outside the taste bud (d). All images are a projected z-stack of 20 µm sections.
Scale bar in d = 10 µm and refers to all images.
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Figure 5. Trigeminal ganglion neurons following injection of the neural tracer
CTB-488 into the tongue, were scattered throughout the mandibular division of
the trigeminal ganglion (a). Ifound one double-labeled neuron (b, c, d) as well as
neurons that were Phox2b-tdTomato-positive or Alexa-488-positive only (e, f, g).
Images are the projected z-stack of 20 µm section. The scale bar in (a) = 20 µm,
the scale bar in (g) = 10 µm and applies to (b–g)
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Figure 6. TH-negative/tdTomato-positive and TH-positive/tdTomato-positive
innervation was present in circumvallate papilla (a–c, z-stack, 70 µm). Single
optical sections show that TH-negative/tdTomato-positive (arrowhead) and THpositive/tdTomato-positive (arrow) fibers in circumvallate papillae appeared to
run together, making it difficult to distinguish whether there was also a population
of TH-positive, tdTomato-negative nerve fibers (d–f). Only THnegative/tdTomato-positive innervation was observed within circumvallate taste
buds (a–f). Fungiform papillae demonstrated a similar pattern of innervation in
whole-mount preparations. The tdTomato-labeled (red, g), TH-labeled (green, h),
and merged innervation is shown on the z axis of a whole mount fungiform taste
bud (keratin 8, blue, i). Both TH-negative/tdTomato-positive (arrowhead) and THpositive/tdTomato-positive (arrow) fibers were present in some fungiform papillae
and ran closely alongside each other. Interestingly, TH-negative/tdTomatopositive fibers penetrated the epithelium, whereas double-labeled fibers tended
not to extend above taste buds (g–i). Iused the keratin 8 border to mask the label
within the taste bud and remove the label outside the taste bud. This illustrates
that tdTomato-positive innervation (red) is present within the taste bud (j),
whereas TH-positive innervation (green) was not (k). This can also be seen in a
single optical section through the same taste bud, where green innervation is
only outside the keratin 8 border (i). Scale bar in (f) = 20 µm and applies to (a–f),
scale bar in (k) = 15 µm and applies to (g–k), scale bar in (l) = 10 µm

173

Figure 7. Image z-stack (70 µm) of blood vessel innervated by tdTomato-positive
fibers (red, a), TH-positive fibers (green, b), and overlay I. TH-
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negative/tdTomato-positive and TH-positive/tdTomato-positive fibers run
alongside each other. A single optical section from the z-stack illustrates
individual TH-negative/tdTomato-positive fibers (arrowhead) and THpositive/tdTomato-positive (arrow) (d–f). Innervation of Von Ebner’s glands was
similar to that of blood vessels in that TH-negative/tdTomato–positive fibers
(arrowhead) ran closely alongside TH-positive/tdTomato double-labeled fibers
(arrow) (g, i). Single optical slices of von Ebner’s gland illustrating a single THnegative/tdTomato-positive fiber (arrowhead) and TH-positive/tdTomato-positive
fibers (arrow) (j–l). Cell bodies of the lingual parasympathetic ganglia were also
tdTomato-positive (m). Scale bar in (l) = 10 µm and applies to (a–l). The scale bar
in (m) = 10 µm
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Figure 8. Whole tongue from an embryonic day 14.5 Phox2b-Cre:tdTomato
mouse. Without any additional labeling, fiber bundles could be seen entering the
base of the tongue and branching near the surface (a). Fibers could be seen
projecting to specific locations on the tongue surface where fungiform papillae
were located (arrows) (b). tdTomato-positive innervation was also seen innervating
the circumvallate papilla (arrow) in the back of the same tongue (c) and innervation
has a similar pattern as seen in fixed DiI-labeled tissue (d). Scale bar: a = 200 µm,
b = 250 µm (applies to c and d).
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Figure 9. Image oriented in the plane of highest resolution (viewed from dorsal
surface) (a). The contour function was used to manually draw the border of
keratin 8-marked taste buds in each optical section (b). Arrows in (a), (b), and (d)
indicate a location where two red dots do not appear to be connected by a
filamentous red fiber. The single optical slice in (b) is taken from this location
where there appears to be a break in fluorescence demonstrating that fibers can
still be observed when the taste bud is viewed section-by-section in the plane of
highest resolution. Insert shows a magnified image of this fiber. After a taste bud
was outlined in all slices, a surface was created that represented total taste bud
volume (c, yellow square indicating one slice). Masking the fluorescent channel
corresponding to keratin 8 inside the taste bud surface allowed for duplication of
the fluorescent signal from that channel within the taste bud only, generating a
new fluorescent channel representing the taste bud but excluding any blue label
outside the taste bud (d) or all of the label outside the taste bud (e). Generating a
surface for red fluorescence inside the taste bud allowed quantification of the
volume of innervation (f). Scale bar in (b) = 10 µm (applies to a), scale bar in
inset = 1 µm, scale bar in (e) = 10 µm (applies to c–f). Measurements of taste bud
volume and volume of innervation within the taste bud revealed that there is not a
correlation between the volume of the taste bud and the volume of innervation (g)
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Movie S1. A 3-dimensional view of a whole mount taste bud with tdTomato
innervation (red) to the taste bud only (keratin 8, blue). The movie was generated
from a confocal stack of 157 images, with the X-Y plane perpendicular to the papilla
surface. The confocal stack was reassembled and the taste bud rotated so that if
can be viewed on the z-axis.
Movie S2. Some fungiform taste buds contain both TH-negative/tdTomatopositive innervation and TH-positive/tdTomato-positive nerve fibers. This movie
shows a whole mount taste bud stained for keratin 8 (blue) with tdTomato-positive
(magenta) and TH-positive/tdTomato-positive fibers (green + magenta) displayed
constructed in the same manner as Movie S1. The TH-negative/tdTomato-positive
innervation extends above the pore to penetrate the epithelium of the papillae
whereas the TH-positive/tdTomato-positive innervation does not extend above the
pore. Generating a volume for the taste bud (01:03 seconds) allows for the removal
of magenta (tdTomato) and green (TH) channels outside of the taste bud only the
tdTomato (magenta) and TH positive fibers (green) within the taste bud (01:06
seconds). No TH-positive fibers are noted within the taste bud.
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A1.4. Discussion
The geniculate, nodose, and petrosal ganglia originate in epibranchial placodes
and are considered primarily visceral sensory neurons (Baker & Bronner-Fraser,
2001; Krimm, 2007; Schlosser, 2010).

All of these ganglia express the

transcription factor Phox2b (D'Autreaux et al., 2011; Dauger et al., 2003). Also,
Phox2b is expressed in the central target for these ganglia, the nucleus of the
solitary tract (Stornetta et al., 2006). Phox2b is required for the normal
development of both gustatory ganglia and the nucleus of the solitary tract (Dauger
et al., 2003) and mice lacking Phox2b do not develop a chorda tympani nerve
(Coppola et al., 2010). It was originally reported that the entire geniculate ganglion
was lost in the absence of Phox2b (Dauger et al., 2003), which is consistent with
findings that very few geniculate neurons are derived from neural crest in
mammals (Harlow & Barlow, 2007). However, more recently Phox2b has been
reported to be important for visceral sensory neuron target innervation and is only
expressed in half the geniculate ganglion neurons (D'Autreaux et al., 2011).
Consistent with this, Ifound that within the geniculate ganglion only neurons
projecting through gustatory nerves ever express Phox2b. Since non-taste
neurons of the geniculate ganglion are not visceral sensory, they are likely
regulated by a different set of transcription factors during development (Quina,
Tempest, Hsu, Cox, & Turner, 2012). These data suggest that Phox2b could be
useful for identifying oral cavity-projecting neurons in the geniculate ganglion
during early development, for expression analysis, and in vitro physiology. Also,
as most non-chorda tympani tongue afferents lack Phox2b, this transcription factor
could be a useful genetic label for studying tongue innervation and/or conditional
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gene removal during development. Furthermore, Phox2b can be used to limit
labeling to neuron subsets using intersectional genetics (M. R. Hirsch et al., 2013).
Here, Itook advantage of the genetic Phox2b label to determine the proportion
of geniculate neurons that project via the two gustatory nerves compared with the
posterior auricular and other branches of the facial-motor nerve. Our data were
consistent with previous findings in rats, where approximately 28% of geniculate
neurons project through the chorda tympani, 20% through the greater superficial
petrosal, and 44% through the facial nerve (Gomez, 1978; Semba et al., 1984). It
is interesting that fewer taste neurons project to the palate in both species, even
though there are substantially more taste buds in the palate than in the tongue (I.J.
Miller, Jr. & Spangler, 1982; Ohtubo & Yoshii, 2011). As many of these neurons
are gustatory, this implies that neurons in the palate may innervate a greater
number of taste receptor cells than neurons in the tongue. However, as some
tongue afferents are somatosensory in function (Yokota & Bradley, 2016), another
possibility is that there are more somatosensory neurons innervating the tongue
via the chorda tympani compared with the palate via the greater superficial
petrosal.
Although the relative number of neurons projecting through each nerve are
similar to those described previously, Ifound more neurons in the geniculate
ganglion than were previously estimated. Specifically, the 378 neurons Ifound
projecting through the chorda tympani was greater than the 213 (mouse) or 244
(hamster) neurons that have been estimated to innervate tongue based on single
papilla injections (Whitehead, Ganchrow, Ganchrow, & Yao, 1999; Zaidi &
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Whitehead, 2006). These earlier estimates could be low because they are based
on sampling the number of neurons innervating only a subset of papillae, which
may not be representative of the full population. In addition, they could be low
because they were estimated from a formula using the value of 52 taste buds per
half tongue in the denominator (Zaidi & Whitehead, 2006), which is high for an
adult mouse (Patel & Krimm, 2012). Ialso found more neurons projecting through
the mouse chorda tympani nerve (Ishida et al., 2009) and more total neurons
(1572) in the geniculate ganglion than previously estimated in sectioned ganglia.
However, given that Ifollowed each cell in serial optical sections of a whole mount
ganglia, our neuron counts are more accurate than in previous studies in which
neuron number was estimated (Coggeshall, La Forte, & Klein, 1990).
Approximately 43% of fungiform papillae contained Phox2b-tdTomato-positive
fibers innervating fungiform papillae outside the taste bud. Some of these fibers
may be somatosensory innervation from the chorda tympani (Yokota & Bradley,
2016). However, because some tdTomato-positive innervation still remains in
fungiform papillae following chorda tympani nerve transection, some is also from
another source. As Ionly observed a few scattered trigeminal neurons that were
tdTomato-positive and these did not co-localize with tongue injections these
additional neurons are not likely sensory. Instead, it is more likely that at least
some of these additional fibers are sympathetic in nature since 1) Phox2b is
expressed in and regulates sympathetic neuron development (Pattyn et al., 1997)
and noradrenergic phenotype (Stanke et al., 1999), 2) taste papillae receive
sympathetic innervation (Dvoryanchikov et al., 2007; Hua, Yang, Yang, Liu, &
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Tang, 2013), and 3) many tdTomato-positive fibers that innervate papillae also
express TH. While it is also the case the some somatosensory subpopulations are
also TH-positive (Li et al., 2011; Usoskin et al., 2015), most of these fibers would
originate from the trigeminal ganglion and Iruled out this possibility as a source of
extra innervation. Therefore, Phox2b-tdTomato-positive/TH-positive innervation is
likely sympathetic in nature. Ialso found some, non-taste tdTomato-positive
innervation to the papilla that was TH-negative, and therefore not sympathetic.
Since Iobserved tdTomato-positive parasympathetic ganglia and these fibers
consistently innervated the same papillae as putative sympathetic fibers, some of
these fibers may be of parasympathetic origin. In conclusion, the non-taste Phox2b
fibers in the fungiform papillae are likely a mixture of mechanoreceptors from the
geniculate ganglion and autonomic fibers from the parasympathetic and
sympathetic ganglia.
Our findings differ from a previous published Phox2b-Cre mouse line in which
Cre expression is not present in sympathetic or parasympathetic neurons or
described in the trigeminal ganglion (M. M. Scott, Williams, Rossi, Lee, & Elmquist,
2011). The transgenic line described here mimics endogenous expression
patterns of Phox2b in sympathetic and parasympathetic ganglion (Pattyn et al.,
1997). While previous studies have not described Phox2b expression in the
trigeminal ganglion, it is not clear if previous studies had sufficient sensitivity to
detect the small number of scattered Phox2b cells that may be present in the
trigeminal. In addition, Phox2b may be decreased during development in the
trigeminal. Therefore, Phox2b expression in these neurons may simply have been

183

missed, particularly since the trigeminal ganglion is a complex ganglion with mixed
embryonic origins (Park & Saint-Jeannet, 2010), which includes a visceral sensory
subpopulation (Horgan & van der Kooy, 1992). However, it is also possible that
this represents miss-expression of the transgene. In conclusion, there are two
transgenic Phox2b-Cre mouse lines available with slightly different distributions of
Cre expression (M. M. Scott et al., 2011), but they may both express Cre
recombinase in visceral sensory neurons including gustatory neurons.
Accurate measures of tongue and taste bud innervation are critical for
understanding the development and maintenance of this innervation. DiI-labeling
has been used to examine innervation to the tongue during development (Lopez
& Krimm, 2006a, 2006b; L. Ma et al., 2009), but this technique has limitations.
Specifically, if the nerve is pulled or damaged during dissection then DiI-label is
not transported in a subset of animals. Also, when a manipulation eliminates most
innervation to the tongue, it can be difficult to know whether lack of innervation is
the effect of the knockout or failure of the DiI to be transported. In Phox2btdTomato mice, gustatory fibers can be seen innervating the tongue at embryonic
day 14.5, when targeting first occurs in every animal. Thus, Ipropose that the use
of Phox2b-tdTomato mice is superior to DiI-labeling for examining target
innervation. Genetic labeling also provides an even distribution of label in nerve
fibers of the adult taste bud, permitting more accurate representation of taste bud
innervation.
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APPENDIX 2
WHOLE MOUNT STAINING, VISUALIZATION, AND ANALYSIS OF
FUNGIFORM, CIRCUMVALLATE, AND PALATE TASTE BUDS.
A2.1 Introduction
Taste buds are collections of 50–100 specialized epithelial cells which bind
subsets of chemical-taste stimuli present in the oral cavity. Taste-transducing
cells are generally thought to exist as types(Tod R. Clapp, Kathryn F. Medler,
Sami Damak, Robert F. Margolskee, & Sue C. Kinnamon, 2006; Tod R. Clapp et
al., 2004; Rona J. Delay et al., 1986; Finger, 2005b; Shinji Kataoka et al., 2008;
R. Murray, 1969; R. G. Murray & Murray, 1967; Ruibiao Yang et al., 2000; Cindy
L. Yee, Yang, Böttger, Finger, & Kinnamon, 2001), initially based on electron
microscopy criteria, that were later correlated with molecular markers. Type II
cells express PLCb2(Tod R. Clapp et al., 2004) and TRPM5(Tod R. Clapp et al.,
2006) and include cells that transduce sweet, bitter, and umami(Tod R. Clapp et
al., 2006; Yifeng Zhang et al., 2003). Type III cells express Car4(Chandrashekar
et al., 2009b) and SNAP-25(Ruibiao Yang et al., 2000) and denote cells that
primarily respond to sour(Chandrashekar et al., 2009b). The cells that transduce
saltiness have not been as clearly delineated(Baumer-Harrison et al., 2020; Yuki
Oka et al., 2013; Stratford et al., 2017b), but could potentially include Type II and
Type III cells (Lewandowski et al., 2016; Nomura et al., 2020; Ohmoto et al.,
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2020; Y. Oka et al., 2013; Roebber et al., 2019).The taste bud environment is
complex and dynamic given that taste-transducing cells continuously turn over
throughout adulthood and are replaced by basal progenitors(Lloyd M. Beidler &
Ronald L. Smallman, 1965; Rona J. Delay et al., 1986; Hamamichi et al., 2006).
These taste-transducing cells connect to pseudounipolar nerve fibers from the
geniculate and petrosal ganglia which pass taste information to the brainstem.
These neurons have primarily been categorized based on the kind of taste
information they carry(Spector & Travers, 2005; David A. Yarmolinsky et al.,
2009) because information about their morphologies have been elusive until
recently(Tao Huang, Ohman, Clements, Whiddon, & Krimm, 2020). Type II cells
communicate with nerve fibers via CALHM1 ion channels (Akiyuki Taruno et al.,
2013), whereas Type III cells communicate via classical synapses(John C.
Kinnamon, Barbara J. Taylor, Rona J. Delay, & Stephen D. Roper, 1985; Ruibiao
Yang et al., 2000). Further characterizations of taste bud cells, including
transducing-cell type lineages, factors that influence their differentiation, and the
structures of connecting arbors, are all areas of active investigation.
Taste bud studies have been hindered by a number of technical challenges.
The heterogenous and dense tissues that make up the tongue significantly
reduce antibody permeability for immunohistochemistry(R. Dando et al., 2015;
Michlig, Damak, & Le Coutre, 2007; Mistretta, 1971). These obstacles have
necessitated sectioning protocols that result in the splitting of taste buds across
sections so that measurements are either approximated based on representative
sections, or summed across sections. Previously, representative thin sections
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have been used to approximate both volume values and transducing-cell
counts(Kinnamon & Finger, 2019). Thicker serial sectioning allows for the
imaging of all taste-bud sections and the summing of measurements from each
section(Lingbin Meng et al., 2017). Cutting such thick sections and selecting only
whole taste buds biases sampling towards smaller taste buds(Lingbin Meng, Lisa
Ohman-Gault, Liqun Ma, & Robin F. Krimm, 2015; Tang, Rios-Pilier, & Krimm,
2017; G. H. Zhang, Zhang, Deng, & Qin, 2008). Nerve innervation estimates from
sectioned taste buds have been based on analyses of pixel numbers(Tao Huang
et al., 2015; Stratford et al., 2017b) if quantified at all(Kumari et al., 2018; Daniel
J. Liebl et al., 1999; Irina V. Nosrat et al., 2012). These measurements
completely ignore the structure and number of individual nerve arbors, because
arbors are split (and usually poorly labeled). Lastly, peeling away the epithelium
does permit entire taste buds to be stained(Meisel, Pagella, Porcheri, & Mitsiadis,
2020; Venkatesan, Boggs, & Liu, 2016), but it also removes taste bud nerve
fibers and could disrupt the normal relationships between cells. Therefore,
investigations of the structural relationships within taste buds have been limited
because of this disruption caused by staining approaches.
Whole-structure collection eliminates the need for representative sections and
allows for the determination of absolute-value measurements of volumes, cell
counts, and structure morphologies(Schmitz & Hof, 2005). This approach also
increases accuracy, limits bias, and reduces technical variability. This last
element is important because taste buds show considerable biological variability
both within(Nick A. Guagliardo & David L. Hill, 2007; G. H. Zhang et al., 2008)
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and across regions(Ogata & Ohtubo, 2020; Ohtubo & Yoshii, 2011), and whole
taste-bud analyses allow absolute cell numbers to be compared between control
and experimental conditions. Furthermore, the ability to collect intact taste buds
permits the analysis of the physical relationships between different transducing
cells and their associated nerve fibers. Because transducing cells may
communicate with each other(Tomchik, Berg, Kim, Chaudhari, & Roper, 2007a),
and do communicate with nerve fibers(Finger, 2005a), these relationships are
important for normal function. Thus, loss-of-function conditions may not be due to
a loss of cells, but instead to changes in cell relationships.
Provided here is a method for collecting whole taste buds to achieve the
benefits of absolute measurements for refining volume analyses for both taste
buds and their innervations, taste-cell counts and shapes, and to make analyses
of transducing-cell relationships and nerve-arbor morphologies possible. Two
workflows are also presented downstream of this novel whole-mount method for
tissue preparation: 1) for analyzing taste bud volume and total innervation and 2)
for sparse-cell genetic labeling of taste neurons (with subsets of tastetransducing cells labeled) and subsequent analyses of taste-nerve arbor
morphologies, numbers of taste-cell types and their shapes, and the use of
image analysis software to analyze the physical relationships between
transducing cells and those between transducing cells and their nerve arbors.
Together, these workflows provide a novel approach to tissue preparation and for
the analyses of whole taste buds and the complete morphologies of their
innervating arbors.
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A2.2 PROTOCOL
Phox2b-Cre mice (MMRRC strain 034613-UCD, NP91Gsat/Mmcd) or
TrkBCreER mice (Ntrk2tm3.1(cre/ERT2)Ddg; https://www.jax.org/ ISMR Cat#
JAX:027214, RRID:IMSR_JAX:027214) were bred with with tdTomato reporter
mice (Ai14, The Jackson Laboratory, Stock No: 007914). AdvillinCreER (The
Jackson Laboratory, Stock No: 032027)(Lau et al., 2011) were bred with Phox2bflpo (The Jackson Laboratory, Stock No: 022407)(M.-R. Hirsch, D'Autréaux,
Dymecki, Brunet, & Goridis, 2013) and Ai65 (The Jackson Laboratory, Stock No:
021875). For EdU injections, the EdU was prepared and doses calculated
according to Perea-Martinez, 2013(Perea-Martinez et al., 2013).

All animals were cared for in accordance with the guidelines set by the U.S.
Public Health Service Policy on the Humane Care and Use of Laboratory
Animals and the NIH Guide for the Care and Use of Laboratory Animals.

1. Preparation of Materials
1.1. Preparation of Solutions
1.1.1 PB: 0.2 M Sodium Phosphate Buffer
1.1.1.

Dissolve Sodium Phosphate Monobasic

(5.244g) and Sodium Phosphate Dibasic (23.004g) in
ddH2O on a stir plate. Bring total volume to 1 L. Adjust pH to
7.4.
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1.2 Paraformaldehyde
1.2.1.

Dissolve paraformaldehyde in distilled

water in fume hood on stir plate. Heat while stirring until the
solution reaches 90°C. Add dropwise 4M NaOH solution to
clear paraformaldehyde. Use vacuum Erlenmeyer Flask and
Ceramic Filter with filter paper to filter solution. Add equal
volume of 0.2M PB to bring to 4% PFA. Bring pH to 7.4. The
final solution is 4% PFA in 0.1M PB buffer.

2. Tissue Preparation

2.1. Tissue Collection: Sacrifice mice using an anesthetic overdose (stock
solution: 5 g 2, 2, 2- tribromoethanol and 5 mL tert-Amyl alcohol, working
solution: mix 0.25 mL stock solution with 10 mL sterile saline) and perfuse
transcardially with 4% PFA in 0.1M PB. Remove tongues and palate.

2.2. Isolate the CV using a coronal cut separating the posterior tongue, behind
the intermolar eminence cut off the CV with a razorblade and then bisect
the anterior tongue at the midline. Postfix overnight at 4 °C with 4% PFA
in 0.1M PB.

2.3. Cryoprotect the tissue in 30% sucrose overnight at 4 °C. The tissue can
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be frozen in OCT using 2-Methylbutane chilled in a beaker on dry ice and
stored at -80 °C to provide a stopping point in the procedure.

2.4. Fungiform Taste Buds:

2.4.1. Chill 2-Methylbutane in a beaker on dry ice in preparation for step
2.4.9.

2.4.2. Thaw and rinse the tongue in 0.1M PB. Place one half of the
anterior tongue containing the fungiform papillae on a glass slide
under a dissecting microscope.

2.4.3. Use blunt end forceps and dissection scissors to begin removing
the muscle. Use blunt end forceps to hold the tissue open given that
the lingual epithelium is curved and a flat orientation facilitates
keeping the blades of the coarse dissection scissors parallel to the
epithelium.

2.4.4. Discard the ventral non-keratinized epithelium of the tongue as it
contains no taste buds.

2.4.5. Use fine dissection scissors for closer dissection to the underside of
the keratinized epithelium.
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NOTE: It is important to dissect close to the epithelium and that the
remaining muscle is even in thickness and the surface is smooth; To
ensure even antibody penetration, the consequence of uneven muscle
remaining will be uneven sectioning on the cryostat, where the areas with
less muscle will reach the epithelium first, and the areas with more muscle
will have a thicker layer of muscle remaining, so these areas may get less
antibody penetration.

2.4.6. Use the blunt ended forceps to lay a piece of epithelium into a
tissue mold (muscle side down) and ensure it lays flat. Given that the
tip of the tongue is curved, sometimes it is necessary to make a cut in
the epithelium where it is curved so that the tissue can be made to lay
flat.

2.4.7. Once the tissue lays flat, add a drop of OCT to the tissue.

2.4.8. Place the tissue mold on a metal base (which has been previously
cooled in dry ice) under the dissecting scope. Continue to tap the
tissue lightly with the forceps until the OCT has frozen to ensure the
tissue freezes as flat as possible.

2.4.9. Once the OCT has frozen, quickly add additional OCT and place
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mold in beaker of 2-Methylbutane in a container of dry ice until
frozen.

2.4.10.

Cryostat Sectioning:

2.4.10.1. The cryostat is used for fine removal of remaining
subcutaneous tissue which may inhibit antibody penetration
(Figure 1).

2.4.10.2. Mount the OCT molds on the cryostat and cut 20µm
sections. Collect each section and view under the light
microscope to assess proximity to the base of the epithelium
(Figure 1 E-H).

2.4.10.3. After the tissue is shaved from the underside of the
epithelium, thaw the epithelium and rinsed twice in 0.1M PB on a
shaker.

2.5. Circumvallate Taste Buds:

2.5.1. Using a coronal cut with a razorblade, separate the circumvallate
papilla from the anterior tongue. Use two parasagittal cuts with the
same razorblade to remove the tissue lateral to the papilla under a
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dissecting scope. Place the papilla in a tissue mold using forceps so
that one lateral edge of the circumvallate papilla is facing the bottom
of the tissue mold. The tissue can be frozen in OCT using 2Methylbutane chilled in a beaker on dry ice and stored at -80 °C to
provide a stopping point in the procedure.
2.5.2. Cut the tissue into 90 µm floating sections on the cryostat.

2.6. Taste Buds on Palate:

2.6.1. Cut the hard palate anterior to the junction of the soft and hard
palate. Use scissors to separate the soft palate from the underlying
tissue. Make sure any remaining bone fragments are cut away.
Remove additional muscle and connective tissue. Once removed, all
tissue that remains will be glands and loose connective tissue, which
are lightly adhered to the underside of the palate. Hold the palate with
blunt end forceps and remove the remaining glands and loose
connective tissue by gently scraping them with a razor blade. The
tissue can be frozen in OCT using 2-Methylbutane chilled in a beaker
on dry ice and stored at -80 °C to provide a stopping point in the
procedure.

3. Immunohistochemistry Staining
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3.1. Wash with 0.1 M PB, 3x15 minutes.

3.2. Place tissues in 1 mL tubes with blocking solution (3% donkey serum,
0.5% Triton-X100, 0.1M PB) at 4 °C overnight.

3.3. Remove blocking solution and incubate in primary antibody (rabbit antiPCLβ2) in antibody solution (0.1 M PB, 0.5% Triton-X100) for 5-days at 4
°C.

3.4. Wash with 0.1 M PB, 4x15 mins each and incubate in secondary donkey
anti-rabbit 488 antibody (1:500) in antibody solution for 2 days at 4 °C.

3.5. Wash with 0.1 M PB, 4x15 mins each and blocking with 5% normal rabbit
serum in antibody solution.

3.6. Wash with 0.1 M PB, 4x15 minutes. Incubate with donkey anti-rabbit
blocking antibody (20 ug/mL) in antibody solution for 2 days 4 °C.

3.7. Wash with 0.1 M PB, 4x15 mins each and then Incubate in primary
antibody DsRed (rabbit) conjugated to fluorescent label in antibody
solution for 5-days at 4 °C. (NOTE: follow conjugation instructions
provided with kit.)
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3.8. Wash with 0.1 M PB, 4x15 mins each and then incubate in primary
antibody: goat anti-Car4 (1:500) in antibody solution for 5-day at 4 °C.

3.9. Wash with 0.1 M PB, 4x15 mins each. Incubate in secondary donkey antigoat 647 antibody (1:500) in antibody solution 2 days 4 °C.

3.10.

Wash with 0.1 M PB, 4x15 mins each and mount (epithelial side up)

aqueous mounting media and coverglass.

NOTE: If using all antibodies from different species as in the case with
Keratin-8 and dsRed only, add all primary antibodies to the antibody
solution in Step 3.3 and all secondary antibodies in Step 3.4. Then
proceed to Step 3.10.

4. Confocal Imaging and Deconvolution

4.1. Confocal images were captured using a confocal microscope with a 60x
objective (Numerical Aperture= 1.40), 4ms/pixel, zoom of 3, Kalman of 2,
and size of 1024x1024. The step size along the z axis was selected as
0.47µm. For capturing innervation to the papilla, use a zoom of 2.5 if the
field of view with a zoom of 3 is too narrow to capture all of the
innervation to the papilla.
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4.2. Deconvolute images. Some settings will automatically import with the
image; fill in the remaining details for modality, objective lens, numerical
aperture, immersion medium, sample medium, and fluorophores captured
in the image. Then select 3D Deconvolution.

5. Imaris Analysis:

5.1. Taste Bud and Innervation Volume

5.1.1. Taste Bud Volume: Import deconvoluted image stacks to a pixelbased image analysis software to determine of taste bud volume and
volume of total innervation within the taste bud.

5.1.1.1.

Uncheck “Volume” in the main object menu.

5.1.1.2.

Click “add new surfaces” from the object menu. Click “skip

automatic

5.1.1.3.

creation, edit manually”, select contour.

Click “select” and then the arrow will appear as a + indicating

that you can trace the border of the taste bud.

5.1.1.4.

Move the slicer and outline the taste bud in each optical

section.
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5.1.1.5.

Once the contours are complete, click “Create Surface”. The

taste bud volume object will appear in the main object menu.

5.1.1.6.

The volume of the taste bud can be found under “Tools”.

5.2. Volume of Innervation Within the Taste Bud:

5.2.1. Select the pencil icon under the taste bud object then select “Mask
All”.

5.2.2. In the drop-down menu, select the fluorescent channel that
corresponds with the nerve fiber label. Check “Create Duplicate
Channel”.

5.2.3. Check “Set voxels outside surface to:” and type “0” in the box.

5.2.4. A new channel will appear in the Display Adjustment window. This
new channel is an unaltered duplicate of the fluorescent channel
selected within the taste bud.

5.2.5. In the main object menu, click “Create New Surface”. Unclick “skip
automatic

creation, edit manually”.
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5.2.6. Click the blue arrow to proceed to the next step twice.

5.2.7. Click delete, then click on the green double arrow to complete your
surface. This surface represents the volume of the nerve fibers
present within the taste bud. To find the value for the volume, click
“Tools” under the nerve fiber object’s menu, and select “Volume” from
the drop-down menu.

5.3. Volume of Innervation to the Papilla
5.3.1. Create a volume of the taste bud as described in 5.1

5.3.2. Select the pencil icon under the taste bud object then select “Mask
All”.

5.3.3. In the drop-down menu, select the fluorescent channel that
corresponds with the nerve fiber label. Check “Create Duplicate
Channel”.

5.3.4. Check “Set voxels inside surface to:” and type “0” in the box. Click
OK.

5.3.5. Generate a surface by clicking “Add New Surface”. Select
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“Segment only a Region of Interest”.

5.3.6. Press the blue arrow and increase the Z-value so that the region of
interest begins at the base of the taste bud.

5.3.7. Click the blue arrow to proceed to the next step twice.

5.3.8. Click delete, then click on the green double arrow to complete your
surface. This surface represents the volume of the innervation to the
papilla. To find the value for the volume, click “Tools” under the nerve
fiber object’s menu, and select “Volume” from the drop-down menu.

5.4. Terminal Arbor Contact Analysis

5.4.1. Image Preparation:

5.4.1.1.

Go to the Edit Menu and select “crop 3D”. Crop the image on

all sides removing space outside of the taste bud.

NOTE: Crop as close to the taste bud without removing any
relevant structures– any excess image will lengthen processing
time.

204

5.4.1.2.

Select Edit from the main menu, click “change data type”.

Select “To: 32 bit float” from the dropdown menu.

5.4.1.3.

Click “add new surfaces” from the object menu. Click “skip

automatic creation, edit manually”, select contour, and then drag
the slice position to the right to find the total number of optical
slices.

5.4.1.4.

It is necessary to generate isometric voxels so that instead

of the voxels being rectangles (0.0691x0.0691x0.474) as XxYxZ,
respectively, the voxels are 0.0691x0.0691x0.0691 by dividing
the rectangles into cubes with identical values for fluorescence
intensity as the original, rectangular voxel. Select “Image
Properties”. Then divide the Z value for Voxel Size by the X or Y
value (=0.474/0.0691) and multiply that by the number of slices
(optical sections) found in the previous step.

5.4.1.5.

Go back to Edit on the main menu and select “Resample

3D”.

5.4.1.6.

Replace the Z value (number of slices) with the newly

calculated value.
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5.4.2. Creating Automatic Surfaces Based on Fluorescence:

5.4.2.1.

Click “Add New Surface” again to add a new surface,

deselect “Segment only a region of interest”, and click “next”.

5.4.2.2.

From the source channel drop down menu, select the

channel for one of the receptor cell types. Unselect “smooth” and
continue to the next step.

5.4.2.3.

The next screen shows the range of fluorescence intensities

present in the image. Do not alter anything on this screen and
press the blue arrow at the bottom again to move to the next
step.

5.4.2.4.

Click delete, then click on the green double arrow to

complete the surface.

5.4.2.5.

Go to the object menu on the left hand of the screen where

the completed cell surface will exist and be called something
generic such as “Surface 2”. Double click on the surface name to
name it according to what the label represents. In this case, the
surface generated is based on the PLCb2 receptor cell marker.
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NOTE: If there are dots instead of a surface, go to the menu in the lower left
hand corner and click “surface” instead of “center point”. Then click “OK” when
prompted.

5.4.2.6.

Repeat steps 5.3.2.1-5.3.2.5 for the other receptor cell

markers and the nerve fiber marker.

5.4.2.7.

Save (export) the progress.

5.4.2.8.

Click on a cell type “surface” in the main menu. From that

object’s menu, click on “Tools”. Then click on “Distance
Transformation”.

5.4.2.9.

Wait for a pop-up box entitled “XTDistanceTransformation”

to appear. Select “Outside SurfaceObject”. Now, a new channel
will appear in the Display Adjustment menu called “Distance to
surface name”.

5.4.2.10. Select the Nerve Fiber surface from the object menu. Click
on the pencil icon and then “Mask All”.

5.4.2.11. From the dropdown menu that appears, select the new
channel “Distance to surface name”.
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5.4.2.12. A new channel will appear in the Display Adjustment window
called “Masked Distance to surface name”.

5.4.2.13. Create a new object from the main object menu.

5.4.2.14. Unselect “Segment only a region of interest” and click the
blue arrow.

5.4.2.15. Select the “Masked Distance to PLCb2” channel and unclick
“Smooth”.

5.4.2.16. On the next screen, check if there are any regions where the
taste receptor cells are within the smallest discernable distance
by this software to the nerve fibers. To do this, set a limit of 0.010.011µm to check if there is any receptor cell fluorescence this
close to the nerve fibers.

5.4.2.17. Type 0.01 in the green box on the left side to set the lower
threshold, hit tab.

5.4.2.18. Then click on the red button and type in 0.11 to set the upper
threshold. Hit tab and then click the blue arrow at the bottom to
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move on to the next step.

5.4.2.19. Click “Delete” and then the green double arrow to finish.

5.4.2.20. Rename this surface “Within 0.01-0.11 of PLCb2” in the
object menu.

5.4.2.21. Select the “Within 0.01-0.11 of PLCb2” surface in the object
menu. Select the pencil then click “Mask All”. Select the red
(nerve fiber) channel from the dropdown menu and click OK. A
new channel will appear in the Display Adjustment window called
“Masked CHS2”.

5.4.2.22. Click on the name of the channel: Rename the channel
“within 0.01-0.11 of PLCb2” (this is a fluorescent channel that
represents a duplicate of the red fluorescent channel present
within the surface created).

5.4.2.23. Click on white in the middle of the color selector. Select a
color that contrasts with the colors of the structures.

5.4.2.24. Export (i.e. save) the file at this stage.
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5.4.2.25. Repeat steps 5.3.2.8-5.3.2.24 for other taste receptor cell
marker.

5.4.2.26. Export (i.e. save) the file at this stage.

NOTE: To analyze the proximity of one labeled cell type to another, simply
replace the Nerve Fiber surface in Step 5.3.2.10 (and the following steps) with
the object of interest and the equivalent components that pertain to each
subsequent steps.

6. Neuron Arbor Reconstruction and Absolute Cell Number Quantification
in Neurolucida:

6.1. Terminal Arbor Tracing and Analysis

6.1.1. Open the deconvoluted image file in 3-D vector based image
analysis software, select “Trace”, and click on “Neuron”, then click on
“Dendrite”.

6.1.2. Scroll to the base of the taste bud in the image stack. Trace each
fiber to the end while scrolling through the image stack.

6.1.3. When at the branch end, right click on the end and select “Ending”.
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At branch points, right click and select “Bifurcating Node”. This
enables tracing one branch to the end and then return to the
Bifurcating point and trace the other branch with the program
recognizing that this tracing is still of the same neuron.

6.1.4. Save the data file as a .DAT file that can then be opened for
analysis in Neurolucida Explorer.

7. Cell Number Quantification

7.1. Labeled taste bud cells can be quantified in any image analysis software
package as long as distinct markers for receptor cell types anchored to
the z-position can be placed at the level of the nucleus.

A2.3 Representative results
Staining of the lingual epithelium with antibodies to DsRed and Keratin-8 (a
general taste-bud marker) labeled both whole taste buds and all taste bud
innervation in Phox2b-Cre:tdTomato mice(Gennady Dvoryanchikov et al., 2017;
Lisa Ohman-Gault, Tao Huang, & Robin Krimm, 2017) (Figure 3A). Imaging
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these taste buds from their pores to their bases gave the highest resolution x-y
plane images (Figure 3A–B). The contour function of the pixel based imaging
program was used to outline the periphery of the taste bud in each section
(Figure 3B), and then to generate a surface (Figure 3C) that represented taste
bud volume. Masking (or duplicating) the fluorescence associated with the taste
bud label only within the surface created a new channel that contained only this
fluorescence, and eliminated any papilla staining obscuring the taste bud (Figure
3D). The nerve fiber fluorescence within the taste bud was masked (Figure 3E)
and used to automatically create a surface representing the volume of
innervation within it (Figure 3F). A similar approach was also used to measure
taste bud volume and that of its associated innervation in circumvallate taste
buds (Figure 3G). Representative measurement data revealed no correlations
between taste bud volumes and innervation volumes in either the fungiform (p =
0.115) or the circumvallate (p = 0.090) measurement regions (Figure 3H).
The administration of a low dose of Tamoxifen in TrkBCreER:tdTomato mice
causes gene recombination and the labeling of a small number of neurons so
that taste buds are innervated by zero to a few labeled terminal arbors (the
neuronal portion within the taste bud). The lingual epithelium was stained using
an anti-DsRed antibody for the terminal arbors and anti-Car4 (sour) and antiPLCβ2 (sweet, bitter, and umami) antibodies for taste-transducing cells (Figure
4A). A vector based image analysis program was used to trace the labeled
terminal arbors (Figure 4B). The orthogonal heights of the arbors associated
with the blue and green tracings were 33.4 µm (Figure 4C) and 32.4 µm (Figure
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4D), respectively. The 3D Convex Hull measurements (i.e., the extent of the
terminal arbor within the taste bud) for the blue terminal arbor was 644.0 µm3 and
3647.0 µm3 for the green arbor. The dendrogram for the green tracing is shown
in Figure 4E with branch lengths measured in microns. The green arbor had
seven branch ends and a total length of 183.4 µm. Quantifications of the absolute
numbers of PLCβ2+ and Car4+ cells revealed that this taste bud had 17 PLCβ2+
cells and two Car4+ cells. Using cell pixel based imaging software, the closest
proximity between nerve fibers and taste-transducing cells revealed that out of a
total of 19 taste-transducing cells in the taste bud, the blue terminal arbor (shown
in red in Figure 4 F–G) was within 200 nm (the resolution of the light
microscope) of the light blue Car4+ cell (white areas indicated by arrows in
Figure 4G). The terminal arbor associated with the green tracing is shown in
magenta (Figure 4 F, H) and is within 200 nm of both the light and dark blue
Car4 cells (white areas in Figure 4H). The next closest cell to these arbors was
more than 200 nm away, so there was an unlabeled voxel separating the two
structures.

Dividing progenitor cells were labeled using injections of EdU on Days 0, 1,
and 3, and tissues were collected on Day 4. Whole-mount Keratin-8 and EdU
staining of fungiform taste buds revealed that EdU-labeled cells were present
both within and outside of the taste buds (Figure 5A–C). Individual
EdU+/Keratin-8-positive cells (teal and yellow) and EdU+/Keratin-8-negative
nuclei (purple and magenta) were segmented (Figure 5 B–C). The dark blue cell
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shown was Keratin-8+ and had an elongated shape consistent with mature tastetransducing cells. These surfaces are shown with the taste bud oriented from
pore-to-base (Figure 5B) and along the long axis of the taste bud (Figure 5C).
Each structure could be viewed in individual optical slices by masking the
fluorescence within each structure (Figure 5 D–F). The magenta and purple
nuclei are outside of the Keratin-8+ border of the taste bud indicated by the
white-dotted outline (Figure 5 D–E). The yellow, teal, and blue cells were within
the taste bud (Figure 5 D–F). Individual taste-transducing cells could be
reconstructed using pixel based imaging software of either Car4 labeling (Figure
6A–C) or PLCβ2 labeling (Figure 6D–F). A pixel based imaging software was be
used to measure the closest proximity between cells revealed that the Car4+ cell
in Figure 6B was within 200 nm of a single PLCβ2+ cell (Figure 6G, green). The
area where the cells were within 200 nm of each other is shown in white (Figure
6G) and indicated by a white arrow. The next closest cell was more than 200 nm
away and is shown in yellow in Figure 6 H–I in two different orientations. The
white areas show where cells were further than 200 nm away from each other
(indicated by arrows). Figure 7 demonstrates the isolation and analysis of the
innervation terminating within the papilla (but outside the taste bud) and includes
its distribution around the taste bud, and its distance from the epithelium.
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Figure 1. Preparation of lingual epithelium for fungiform taste bud staining. A.
View of the cut tongue with epithelium and muscle labeled prior to any dissection.
B. Once enough muscle has been removed, there is only a small amount of
remaining muscle on the underside of the epithelium. In addition to evaluating
dissection progress by viewing the cut side of the epithelium (B), laying the
epithelium flat on a glass slide under the dissecting scope reveals that some
portions of the tissue are evenly translucent (C, purple rectangle); enough
muscle has been removed from this area. In contrast, the purple arrows indicate
regions on the left that where there is more muscle that needs to be removed.
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Once the entire underside of the epithelium is similar to that in the purple
rectangle, proceed to the next step. D. After portions of the epithelium have been
frozen with the muscle side down, additional muscle and lamina propria is
removed using thin sections on the cryostat. When sectioning is complete, the
remaining epithelium is thin and translucent (D). Serial sections (20µm) were
collected on a glass slide and each section was viewed under a fluorescent
microscope before cutting the next section (E-F). Well below the epithelium,
muscle fibers are oriented in multiple directions so that muscle fibers are present
both in cross section and along the muscle fiber (E, red rectangle). The serial
sections in E-F demonstrate the transition from muscle fibers oriented in multiple
directions (E, red rectangle) to muscle fibers being oriented mostly in one
direction (F, red rectangle) which is indicative of the muscle-lamina propria
border. Another region of the same piece of tissue (yellow rectangles in E-F)
demonstrate that when the muscle fibers are oriented in one direction, the next
section will likely yield connective tissue because all muscle has been removed
from that region. The blue rectangles (E-F) both represent the underside of the
epithelium. If taste buds are present on the section (G, red arrows), too much
tissue has been removed. Ideally, sectioning is complete when the underside of
the epithelium (but no taste buds) is visible in the removed sections (F, yellow
rectangle). In addition, areas with muscle fibers oriented in the same direction (E,
yellow rectangle and F, red rectangle) are fine. However, try to limit areas where
the muscle fibers are oriented in multiple directions (E, red rectangle). Once
sections include the underside of the epithelium/lamina propria, it is only possible
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to cut a few additional sections before too much of the epithelium has been
removed and sections include taste buds (G). The most common mistake is
revealed by cryostat sections where epithelium is seen at the edge of the tissue,
muscle is seen inside of the epithelium, and OTC/sparse muscle is present in the
middle (H). This is most often due to not laying the tissue flat on the bottom of the
tissue mold before freezing or insufficient flattening with the blunt end forceps as
the tissue if freezing using the metal block (Methods Step 2.4.3-2.4.7). Scale bar
in A= 1 mm and applies to B. Scale bar in C= 1mm. Scale bar in E=100 µm and
applies to F. Scale Bar in G= 50 µm. Scale bar in H= 100 µm.
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Figure 2. Dissection of palate for staining. The palate was dissected first using
thin blade scissors to cut the hard palate (A), then using the same scissors to
separate the soft palate from the underlying connective tissue (B). Once
removed from the oral cavity, any remaining tissue was removed with the
scissors. At this point, all that may remain are glands on the back of the soft
palate. A razorblade was used to gently scrape away these glands. The back and
epithelial surface of the completed dissection of the palate are provided in C and
D, respectively.
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Figure 3. Measuring volume in whole mount taste buds. Whole mount taste
buds were imaged from the taste pore to the base of the taste bud so that the
plane of highest resolution is the x-y plane (A). Each optical slice was viewed in
vector-based image analysis software, and the contour function is used to
manually outline the periphery of the taste bud stained with Keratin-8. An
example of one optical slice is provided in B. The position of this representative
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section along the long axis of the taste bud is provided in C (yellow line). After
each optical section has been outlined, a surface was created that represents the
volume of the taste bud (C, white). Masking, or duplicating, the fluorescent
channel corresponding to the taste bud (Keratin-8 in D) or the tdTomato-labeled
innervation (pseudo colored blue in E) within the volume representing the taste
bud. The fluorescence within the taste bud in E can be used to generate a
surface representing the volume of innervation within the taste bud (F, blue). A
similar approach can be applied to whole mount circumvallate taste buds (G)
imaged in the same orientation as the fungiform taste bud in A. Measuring the
volume of fungiform and circumvallate taste buds and their respective volume of
innervation revealed that there is no correlation between the taste bud and
innervation volume for taste buds sampled for either region (H). Scale bar in A=4
µm and applies to B. Scale Bar in C=4 µm and applies to D-F. Scale bar in G= 5
µm. This figure has been modified from Ohman-Gault et al, 2017 (Lisa OhmanGault et al., 2017).
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Figure 4. Representative terminal arbors in fungiform taste buds using sparse
cell genetic labeling. Whole mount taste bud stained with taste receptor cell
markers Car4 (white) and PLCb2 (green) (A). This taste bud has two terminal
arbors labeled which are shown with the taste bud removed after reconstructing
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the fibers (B). The blue arbor has 6 branch ends and an orthogonal height in the
taste bud of 33.4µm (C) and the green arbor has 7 branch ends (D). The
dendrogram corresponding to the green arbor is provided in (E) with each
segment length provided in micrometers. (F-H) The distance between structures
was measured. The blue tracing in C was segmented in Imaris and shown in red
(F-G). The areas where this terminal arbor is within 200 nm of the light blue
Car4+ cell are indicated in white (G, arrows). The terminal arbor represented by
the green reconstruction is shown in magenta (F, H). The green arbor is with
200nm of both the dark and light blue Car4+ cells indicated in white (H). Scale
bar in A=4 µm and applies to B. Scale Bar in F= 5 µm and applies to G-H.
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Figure 5. Whole mounts can be used to track incorporation of new taste bud
cells. Mice were injected with EdU to label dividing progenitors on Day 0, Day 1,
Day 3 and sacrificed on Day 4. Cells labeled with EdU (green) can be identified
both around and within the taste bud which is labeled with Keratin-8 (white) (AB). Individual EdU labeled, Keratin-8 positive cells inside the taste bud and
Keratin-8 negative, EdU labeled nuclei are segmented outside the taste bud (BC). The fluorescence within each structure segmented in A-B was masked and
can be seen in cross section in D-F. The perimeter of the taste bud is outlined
with a white dotted line (D-F). The yellow cell is within the taste bud and both
EdU and Keratin-8 positive (D). The magenta nucleus is outside the taste bud
and Keratin-8 negative (D). The teal cell is inside the taste bud and both EdU and
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Keratin-8 positive. The purple, EdU positive nucleus is Keratin-8 negative and
outside of the taste bud (E). The blue cell is Keratin-8 positive and elongated
consistent with mature taste transducing cells (F). Scale bar in A=3 µm and
applies to B-C. Scale Bar in D=2 µm. Scale bar in E= 4 µm and applies to F.
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Figure 6. Shapes of whole taste bud cells can be analyzed along with their
relationships with other taste bud cells. (A-F). Segmenting individual taste bud
cells to create surfaces isolates individual taste bud cells permitting them to be
visualized more clearly. Individual Car4+ (A-C) and PLCβ2+ (D-F) cells are
provided illustrating variation in individual cell shapes. The closest PLCβ2+ cell to
the Car4+ cell was determined to be B within 200 nm (white, indicated by arrow)
(G). The next closest cell is greater than 200 nm away, which is distinguishable
as a separate structure, away from the segmented Car4+ cell in G. The next
closes cell was segmented and masked fluorescence is provided in H-I (yellow).
The three areas that are the next closest but greater than 200 nm away from the
Car4+ cell are white (arrows). Scale bar in A=3 µm and applies to B-C. Scale Bar
in D= 4 µm and applies to E. Scale bar in F= 2 µm. Scale bar in G= 3 µm and
applies to H, I.
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Figure 7. Quantifying innervation to the papilla. Some labels for taste neurons
also label innervation to the papilla (A). The innervation within the taste bud is
separated from the innervation outside the taste bud by segmenting the taste bud
(as described for Figure 3) and masking the innervation inside the taste bud (C,
red) and then masking the innervation outside of the taste bud only (C, dark
blue). The volume of innervation to the taste bud (C, red) was 1649.6 µm3. The
innervation outside the taste bud will include taste fibers underneath the papilla
that should not be included in a quantification of the innervation to the papilla
(Steps in 5.3). The fluorescence of the innervation to the papilla was masked (D,
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light blue). The volume of innervation to the papilla was 121.8 µm3. Scale bar in
A=4µm and applies to B-D.
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A2.4 Discussion
The development of an approach to consistently collect and stain whole taste
buds from three oral cavity taste regions (fungiform, circumvallate, and the
palate) provides significant improvements for analyzing taste-transducing cells,
tracking newly incorporated cells, innervation, and relationships between these
structures. In addition, it makes it possible to localize a potential secondary
neuron marker both within or outside of a labeled population(Lisa Ohman-Gault
et al., 2017); this is particularly relevant given that gustatory papillae also receive
robust somatosensory innervation(Suemune et al., 1992; Whitehead et al., 1999)
which may also label some taste neurons. The papillae housing taste buds can
also be imaged using a lower magnification. This permits capturing the
innervation to the entire papilla, as well as to taste buds, and enables
independent analyses of the innervation that penetrates the taste bud and the
surrounding nerve fibers. Somatosensory nerve endings in the skin can be
distinguished based on their organization around hair follicles and their
relationships to other components of the epithelium; parallel analyses in
gustatory papillae may yield similar characterizations(Michael Rutlin et al., 2014;
Victoria & David, 2013). Establishing a normal foundation for the relationships
within, and the composition of, taste buds and papillae will serve as a baseline
for determining the mechanisms underlying deficits in peripheral taste
functions(Cooper et al., 2020; Feng, Huang, & Wang, 2014). The taste bud is a
dynamic sensory end-organ where cell turnover and terminal arbor remodeling
are coordinated by a variety of factors(Barlow, 2015a). Investigations into the
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potential circuitry within the taste bud(Stephen D. Roper, 2013), disease
processes(Cooper et al., 2020), and chemotherapies that disrupt normal taste
function(Barlow, 2015a) could be enhanced by this method which maintains
whole taste buds and nerve fibers intact. The whole-mount method described
here both expands the possibilities for analysis and refines the measurements
that are possible.
Given that the tongue is a dense and heterogenous tissue, and that the taste
bud itself contains many cell-to-cell junctions which limit permeability(Robin
Dando et al., 2015), developing an approach to accomplish whole-mount staining
of taste buds presented a significant challenge. Previous methods involved
taking representative sections(H. Ma, Yang, Thomas, & Kinnamon, 2007) or
cutting thicker sections which then limited antibody penetrations(Lingbin Meng et
al., 2015; Tang et al., 2017; G. H. Zhang et al., 2008). In addition, the selection of
whole taste buds from these thicker sections biased the data toward smaller
taste buds. Alternatively, peeling the epithelium is likely to disrupt taste bud nerve
fibers; these are not specifically labeled when this approach is used(Meisel et al.,
2020; Venkatesan et al., 2016). Nerve arbors form a large plexus within a taste
bud(John C. Kinnamon, Terri A. Sherman, & Stephen D. Roper, 1988; John C.
Kinnamon et al., 1985; Lisa Ohman-Gault et al., 2017), so it is unclear arbor
removal disrupts the normal relationships between other cells in the taste bud. In
contrast, the present whole taste bud method permits absolute numbers and
measurements to be quantified. This staining permits many receptor-cell features
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(type, shape, and location) and the terminal arbors (as well as relationships
between them) to be preserved and analyzed.
There are several limitations to this approach. In particular, some antibodies
that have been used in thin sections(Roman A. Romanov et al., 2018) do not
work in whole mounts, which will limit the types of structures that can be
examined. In addition, confocal microscopy resolution is limited, so the structural
detail analyzed from individual cells, and from relationships between cells will
also be limited(Tao Huang et al., 2020). For example, cells can be determined to
be within 200 nm of each other, but specialized structures between cells (e.g.,
synapses)(Dani, Huang, Bergan, Dulac, & Zhuang, 2010) cannot be examined.
Lastly, not all cell types can be labeled using this approach. For example, Ihave
been unable to specifically label cells that transduce salt in this preparation.
These cells could be a subset of a combination of Type 1, Type II, and Type III
cells(Baumer-Harrison et al., 2020; Lewandowski et al., 2016; Nomura et al.,
2020; Ohmoto et al., 2020; Y. Oka et al., 2013; Roebber et al., 2019;
Vandenbeuch, Clapp, & Kinnamon, 2008). Type I cells which are primarily
supporting cells cannot be examined in whole mounts because they appear to
wrap around other cells making them difficult to distinguish as separate entities
(Bartel, Sullivan, Lavoie, Sévigny, & Finger, 2006). Having a reliable marker for
salt-transducing cells would allow for more comprehensive analyses(BaumerHarrison et al., 2020; Wilson, Vandenbeuch, & Kinnamon, 2019). Likewise,
PLCβ2 staining represents taste cells capable of transducing multiple types of
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stimuli, so a label that permitted further separation of this cell type would also be
an improvement.
The following are important preparatory steps that require care: 1) Ensure
that the muscle layer that remains after dissection is even and as thin as
possible. If this layer is not thin and even antibody penetration will be blocked. 2)
It is crucial that the pieces of epithelium lay flat in the bottom of the tissue mold
before freezing, and that blunt-end forceps be used to lightly press on the tissue
until it is frozen. When the minimal amount of muscle (in an even layer) remains
on the underside of the epithelium, as few as three cryostat sections will reach
the underside of the epithelium. Positioning of the tissue in a cryostat so that
sections are taken across the whole tissue face sometimes results in portions of
the tissue being removed unevenly. For these reasons, it is strongly
recommended to avoid additional thawing, further dissection, and refreezing the
tissue. Instead, care should be taken to evaluate tissue dissection (as outlined in
Methods) before freezing the tissue.
Overall, the method for whole-mount tissue preparation presented here can
be used for collecting whole taste buds as well as the surrounding papilla from
three taste-bud regions: fungiform, circumvallate, and the palate. Even though a
variety of disease conditions(Cooper et al., 2020; Feng et al., 2014) and
chemotherapies(Feng et al., 2014) are known to disrupt taste function, the
mechanisms underlying these changes remain unknown. Using the whole-mount
staining approach for taste buds presented here represents a robust
experimental design where both taste-transducing cells and their nerve fibers
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could be labeled to determine whether a deficit is due to loss of a specific cell
type, compromised terminal arbor morphologies, disrupted relationships between
taste-transducing cells, or to disrupted relationships between transducing cells
and their nerve fibers. Additionally, it would be possible not only to quantify the
absolute number of labeled new cells in taste buds, but also to quantify the
number of new taste-transducing cells (EdU-labeled) of a defined type (i.e.,
PLCβ2+ or Car4+). Whether these new cells develop normal shapes, and
incorporate normally into the taste bud (i.e., move into the taste bud following
treatment) could also be examined. Many of these measures, along with taste
bud number, can all be made from the same tissue, limiting the number of
different animals needed for an experiment. These possibilities could facilitate
the streamlining of experimental methods to provide clinical interventions for
taste deficits, as well as provide insight into the normal mechanisms underlying
taste function.
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